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Biodegradation of Chlorinated Ethenes at a
Karst Site in Middle Tennessee

By Tom D. Byl and Shannon D. Williams

Abstract

This report presents results of field and lab-
oratory investigations examining the biodegrada-
tion of chlorinated ethenesin a karst aquifer
contaminated with trichloroethylene (TCE). The
study site, located in Middle Tennessee, was
sel ected because of the presence of TCE degrada-
tion byproducts in the karst aquifer and available
site hydrologic and chlorinated-ethene informa-
tion. Additional chemical, biological, and hydro-
logic data were gathered to evaluate whether the
occurrence of TCE degradation byproductsin the
karst aquifer was the result of biodegradation
within the aquifer or smply transport into the
aguifer. Geochemical analysis established that
sulfate-reducing conditions, essential for reduc-
tive dechlorination of chlorinated solvents,
existed in parts of the contaminated karst aquifer.
Other areas of the aguifer fluctuated between
anaerobic and aerobic conditions and contained
compounds associated with cometabolism, such
as ethane, methane, ammonia, and dissolved oxy-
gen. A large, diverse bacteria population inhabits
the contaminated aquifer. Bacteria known to bio-
degrade TCE and other chlorinated solvents, such
as sulfate-reducers, methanotrophs, and ammonia-
oxidizers, were identified from karst-aquifer
water using the RNA-hybridization technique.
Results from microcosms using raw karst-aquifer
water found that aerobic cometabolism and anaer-
obic reductive-dechlorination degradation pro-
cesses were possible when appropriate conditions
were established in the microcosms. These chemi-

cal and biological results provide circumstantial
evidence that several biodegradation processes
are active in the aquifer. Additional site hydro-
logic information was developed to determine if
appropriate conditions persist long enough in the
karst aquifer for these biodegradation processesto
be significant. Continuous monitoring devices
placed in four wells during the spring of 1998
indicated that pH, specific conductance, dissolved
oxygen, and oxidation-reduction potentials
changed very littlein areasisolated from active
ground-water flow paths. These stable areasinthe
karst aquifer had geochemical conditions and bac-
teria conducive to reductive dechlorination of
chlorinated ethenes. Other areas of the karst agui-
fer were associated with active ground-water flow
paths and fluctuated between anaerobic and aero-
bic conditions in response to rain events. Associ-
ated with this dynamic environment were bacteria
and geochemical conditions conducive to come-
tabolism. In summary, multiple lines of evidence
developed from chemical, biological, and hydro-
logic data demonstrate that a variety of biodegra-
dation processes are active in this karst aguifer.

INTRODUCTION

The biodegradation of chlorinated solvents such
astrichloroethylene (TCE) in aquifers consisting of
unconsolidated materials has been well documented,
and several guidelines have been developed from
those studies (Remediation Technol ogies Develop-
ment Forum, 1997; U.S. Environmental Protection
Agency, Region 4, 1997; and Wiedemeier and others,
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1998). The guidelines for evaluating sites contami-
nated with chlorinated solvents incorporate hydrogeol -
ogy, microbiology, and geochemistry, and ground-
water modeling. A large component of those guide-
linesis for evaluating if significant biodegradation is
taking place. One environment where chlorinated-
solvent biodegradation has not been adequately inves-
tigated is karst aquifers because of the complex
hydrology associated with these aquifers. Although
chlorinated-solvent biodegradation products such as
cis-1,2-dichloroethylene (cDCE) have been detected
in karst aquifers, little research has been donein exam-
ining if biodegradation occurred in the karst aquifers
or if the biodegradation products originated elsewhere.

Approximately 40 percent of the United States
east of the Mississippi River is underlain by various
types of karst aquifers (Quinlan, 1989), and more than
two-thirds of the State of Tennessee is underlain by
carbonate rocks and can be classified as karst (Wolfe
and others, 1997). Potential industrial sources of
ground-water contamination are common in karst
regions; however, the fate and transport of contami-
nants such as chlorinated solventsin karst areas are
poorly understood because of the distinctive hydraulic
characteristics of karst aquifers (Field, 1993). Ground-
water modelsthat predict the fate and transport of con-
taminantsin sandy aguifers have limited application to
karst aquifers. Most natural attenuation and bioreme-
diation guidelines specify that ground-water models
are not applicable in fractured rock or karst aquifers
(U.S. Environmental Protection Agency, 1997).

The U.S. Geological Survey (USGS), in cooper-
ation with the Tennessee Department of Environment
and Conservation, Division of Superfund (TDEC-
DSF), is conducting astudy of the occurrence, fate,
and transport of chlorinated solventsin karst regions
of Tennessee. One objective of this study wasto exam-
ine the role of biodegradation in the fate and transport
of chlorinated solventsin karst aquifers. This report
presents results from field and laboratory data col-
lected to examine chl orinated-ethene bi odegradation at
a TCE-contaminated karst sitein Middle Tennessee.
The study site was sel ected because of the presence of
chlorinated-solvent degradation products in ground
water and because of the availability of hydrologic and
chlorinated-ethene datain TDEC-DSF files. The
objectives of thisreport are to:

1. Summarize the current understanding of:

a. chlorinated-ethene biodegradation processes
and

b. biodegradation of organic compounds in bed-
rock aguifers.

2. Characterize the microorganisms and geochemical
conditions present in ground water at the study
site.

3. Evaluate which chlorinated-ethene degradation pro-
cesses may be occurring in ground water at the
study site.

4. Document lessons learned from this study that may
assist future investigations of chlorinated-solvent
biodegradation in karst areas.

The body of the report is divided into six main
sections. The first section is ageneral overview of
chlorinated-ethene degradation processes. The second
section reviews previous studies relevant to the effects
of hydrology, bacteria, and geochemical conditionson
the biodegradation of organic compounds in bedrock
aquifers. Thethird section describesthe study sitewith
emphasis on hydrogeology and monitoring and reme-
dial activities. The fourth section describes methods
and procedures used to collect and interpret geochemi-
cal, chlorinated ethene and degradation product, and
microbiological data. The fifth section presentsresults
and interpretation of the multiple lines of evidence
used to examine chlorinated-ethene degradation at the
study site. Finally, the sixth section describes |essons
learned during this study.

CHLORINATED-ETHENE
BIODEGRADATION PROCESSES

Microbial organisms use awide variety of meta-
bolic processes to generate energy and maintain cellu-
lar growth. These processes involve the transfer of
electrons from an electron donor (food source) to an
electron acceptor. Three categories of metabolic pro-
cesses are involved in the biological degradation of
chlorinated ethenes. Reductive dechlorination isan
anaerobic process in which chlorinated ethenes are
used as electron acceptors (M cCarty, 1994; Montgom-
ery and others, 1994). Cometabolism is an aerobic
process in which chlorinated ethenes are degraded as a
result of fortuitous biochemical interactions which
yield no benefit to the bacteria (Alvarez-Cohen and
McCarty, 1991; Hanson and Brusseau, 1994; Ely, Wil-
liamson, and others, 1995). Direct oxidation is an aer-
obic or mildly anaerobic (iron reducing) processin
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which sparsely chlorinated ethenes are used as elec-
tron donors (McCarty and Semprini, 1994; Bradley
and Chapelle, 1996). One or all of these processes
could be occurring at a given site, depending on
environmental conditions.

Reductive Dechlorination

Generally, organic molecul es with abundant
carbon-hydrogen bonds are good food sources (elec-
tron donors) because they contain high-energy €lec-
trons. Highly chlorinated solvents such as
tetrachloroethylene (PCE) and TCE, however, are
€lectron poor because they have chlorine-carbon
bonds. These compounds are likely to be used by bac-
teria asfinal electron acceptors instead of electron
donors (Wiedemeier and others, 1998). During reduc-
tive dechlorination, chlorine atoms are replaced by
electrons coupled to hydrogen atoms, resulting in
sequential dechlorination from PCE to TCE to dichlo-
roethylene (DCE) to vinyl chloride (VC) to ethene
(fig. 1). During reductive dechlorination, cis-1,2-
dichloroethylene (cDCE) is the most commonly
formed isomer of DCE.

Soil and ground-water bacteria use a variety of
natural electron acceptors. The use of these final elec-
tron acceptorsis not arbitrary but is based on energy-
transfer efficiency and availability (Montgomery and

C Tetrachloroethylene (C5Cly) )

l

others, 1994). The most common inorganic electron
acceptor in ground water is oxygen. Once the oxygen
has been depleted, bacteriawill preferentially use the
next most efficient electron acceptor; usually thisis
nitrate (NO3") or insoluble manganese (Mn“*). After
NOz and M n** have been depleted, the bacteria will
use insoluble ferric iron (Fe3*), followed by sulfate
(SO42'), and carbon dioxide (CO,), respectively. The
byproducts resulting from transfer of electronsto vari-
ous €l ectron acceptors are shown in table 1.

Dechlorination of PCE and TCE to DCE can
occur under mildly reducing conditions such as NO3z
or Fe3* reduction (fig. 2); however, the dechlorination
of DCE to VC, and V C to ethene requires the stronger
reducing conditions of SO, -reduction or methano-
gensis (Vogel and others, 1987). The effectiveness of
chlorinated solvents to serve as electron acceptors is
proportional to the number of chlorine molecules
attached (Vogel and McCarty, 1985). For example,
PCE ismorelikely to serve as an electron acceptor and
lose a chlorine atom through reductive dechlorination
thanis TCE, DCE, or VC.

Aerobic Cometabolism

Wilson and Wilson (1985) first reported that
TCE was degraded under aerobic conditions by meth-
anotrophic bacteriain a soil enriched with CH, and

Carbon dioxide,

C Trichloroethylene (C,HCl3) > —_—_—— chloride,
and water
- /v' ol
Pt A
s 4

7
C Dichloroethylene (C2H2CI2)) -

7
/~0“.‘.

7

C Vinyl chloride (C,H4Cl) )

Ethene (C2H4)

EXPLANATION

—> REDUCTIVE DECHLORINATION
— — P> AEROBIC COMETABOLISM

» DIRECT OXIDATION

Intermediate stepsin the
aerobic cometabolism

and direct oxidation
processes are not shown.

Figure 1. Common biological degradation processes for chlorinated ethenes.

Chlorinated-Ethene Biodegradation Processes 3



Table 1. Terminal electron acceptors and byproducts involved in
microbial processes

Electron acceptor! Byproduct Microbial process
Oxygen (O,) CO, Aerobic respiration
Nitrate (NO3) Ammonia (NH3) NOj3 reduction
Manganese (Mn*") Manganese (Mn?")  Mn** reduction
Iron (Fe3*) Iron (Fe?*) Fe3* reduction
Sulfate (S04%) Sulfide (S%) S0,4% reduction
Carbon dioxide (COy) Methane (CH,) Methanogenesis

The electron acceptors are arranged from most energy efficient at the top to
least efficient.

[

C Aerobic respiration )
\

( Manganese reduction )
( Nitrate reduction )

C Iron reduction

C Sulfate reduction )

( Methanogenesis )

[
-1000 -500 0 500 1000

OXIDATION-REDUCTION POTENTIAL (Eh), IN MILLIVOLTS

Figure 2. Oxidation-reduction potentials for selected microbial processes. (Modified from Stumm and
Morgan, 1981.)

oxygen (O,). Further studiesrevealed that themethane  specificity results in a chemical reaction in which oxy-
monooxygenase (MMO) enzyme was responsible for gen is incorporated into the solvent molecule forming
catalyzing the oxidation of TCE (Alvarez-Cohen and an unstable molecule such as TCE epoxide during
McCarty, 1991; Henry and Grbi¢-Gali¢, 1994). Other MMO cometabolism (Alvarez-Cohen and McCarty,
oxygenase enzymes such as ammonia monooxygena$891). The unstable molecule will spontaneously
(AMO) (Arciero and others, 1989; Rasche and othersdegrade to one of several chloroacetic acids, such as
1991) and toluene dioxygenase (Nelson and others, dichloroacetic acid. These chloroacetic acids are solu-
1988; Hopkins and others, 1993; Heald and Jenkins, ble in water and will slowly degrade to GQhloride,
1994) also have been shown to oxidize certain chlori-and water (fig. 3).

nated solvents. This oxidatioaacion is called come- Cometabolism is limited to chlorinated solvents
tabolism because the reaction uses metabolic enzymegat have at least one hydrogen atom attached to the
but does not contribute any energy in return. carbon (fig. 1). No studies have found a cometabolic

These oxidative enzymes catalyze a reaction pathway capable of degrading PCE (Henry and Grbic
that incorporates £into the target substrates (fig. 3). Gali¢, 1994). Cometabolism tends to be an unsustain-
This oxidation reaction requires an energy molecule able process under stagnant conditions because of sub-
such as nicotinamide adenine dinucleotide (NADH) tostrate competition and enzyme inhibition and

incorporate the @ The enzymes lack the ability to inactivation (Ely and others, 1997). Competition
efficiently dstinguish CH,, NHs, or toluene from cer- occurs between the natural substrates, such as CH
tain chlorinated solvents. This lack of substrate NH3, or toluene, and chlorinated solvents for binding
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Methane monooxygenase (MMO):

(metha(r;e) (methanol)

MMO

NADH, O, (oxygen
(nicotinamide adenine &

(carboxylate)

H47—> CH,0H———> HCOOH TVCO2

(carbon dioxide)

NADH

dinucleotide)

Ammonia monooxygenase (AMO):

(ammonium
hydroxide)

AM
NH, 7_>O NHZOH? NO,

(ammonia)

NADH, O,

(nitrite)

NADH

V\_/

Trichloroethylene (TCE) cometabolism by MMO:

(TCE ) o (carbon
(TCE) Mo  epoxide) (dichloroacetic acid)  dioxide) (chloride) (water)
CZHCI37—> C,HCl;,0—> C,H,Cl,0, —b Co,, Cl, H,0O
NADH, O,

Figure 3. Examples of cometabolic processes that degrade chlorinated ethenes. (Informa-
tion from Arciero and others, 1989; Hanson and Brusseau, 1994; Henry and Grbic¢-Gali¢,

1994, Ely, Williamson, and others, 1995.)

on the active site of the nonspecific oxygenase enzyme
(Semprini and others, 1991; Broholm and others,
1992). Competitive inhibition occurs when enzymes
cometabolize chlorinated solvents to the exclusion of
natural substrates, ultimately depleting the bacteria of
energy molecules (Chang and Alvarez-Cohen, 1995)
(NADH infig. 3). The TCE oxidation byproducts such
as TCE epoxide may result in the inactivation of the
oxygenase activity caused by damage to the enzymes
(Ely, Hyman, and others, 1995). Inhibition and inacti-
vation may be overcome by additional natural sub-
strates (Alvarez-Cohen and McCarty, 1991; Ely and
others, 1997).

Direct Oxidation

Recent studies have reported that chlorinated
solventswith only one or two chlorine atoms (the | east
oxidized compounds) can serve as electron donors by
bacteria. Several studies have shown that VC and 1,2-
dichloroethane (DCA) can serve as food under aerobic
conditions (McCarty and Semprini, 1994). Iron-
reducing bacteriaalso can mineralize VC (Bradley and
Chapelle, 1996) and DCE (Bradley and Chapelle,

1997) as afood source under aerobic conditions.
Direct oxidation is limited to degrading lightly chlori-
nated solvents such as DCA, DCE, and VC; however,
direct oxidation may serve avital rolein the sequential
steps of chlorinated-solvent biodegradation. Aerobic
or iron-reducing zones are commonly found downgra-
dient of methanogenic or sulfate-reducing zones.
Thus, partially dechlorinated byproducts (DCE and

V C) produced by reductive dechlorination in the
methanogenic or sulfate-reducing zones may be con-
sumed in the more oxidized zones downgradient.

PREVIOUS STUDIES RELEVANT TO
BIODEGRADATION IN BEDROCK
AQUIFERS

Previous studies examining the biodegradation
of organic compounds in fractured rock or karst set-
tings generally have focused on biodegradation in the
overburden or regolith above bedrock (Christensen
and others, 1997). Wiedemeier and others (1998)
described a case study in New Hampshire, where bio-
degradation of benzene, toluene, and TCE in overbur-
den was documented by using microcosms and field

Previous Studies Relevant to Biodegradation in Bedrock Aquifers 5



data. Few studies have examined biodegradation in
bedrock aquifers. Major and others (1995) determined
that microorganismsin afractured bedrock aquifer in
New York dechlorinated TCE to ethene. Acetone and
methanol, which were also present in the aquifer,
served as electron donors, and SO, and CO, werethe
predominant electron acceptors. Chapelle and others
(1995) examined the microbia degradation of organic
carbon in the Floridan aguifer, which consists of Ter-
tiary limestone characterized by locally extensive con-
duits and karst topography. These researchers
experienced difficulty in using patterns of electron
acceptor consumption as a means to identify discrete
oxidation-reduction potential zones in the aquifer;
however, they did identify sulfate-reducing and metha-
nogenic conditions in the aquifer.

Thelack of studies examining biodegradationin
karst aquifers may be due to the widespread percep-
tion that contaminants are rapidly flushed out of karst
aquifers. In highly developed and well-connected con-
duit systems, the rate of contaminant migration is
expected to be much faster than the rate of biodegrada-
tion. Field (1993) states that remediation techniques
such as ground-water extraction or bioremediation are
impractical in karst aquifers dominated by conduit
flow; however, he also states that the belief that con-
taminants are rapidly flushed out of karst aquifersisa
popular misconception. Large volumes of water may
be trapped in fractures along bedding planes and other
features isolated from active ground-water flow paths
in karst aquifers (Wolfe and others, 1997). In areas i so-
lated from the major ground-water flow paths, con-
taminant migration may possibly be slow enough that
biodegradation could reduce contaminant mass if
favorable microorganisms, food sources, and
geochemical conditions are present.

Some researchers have implied that natural
bioremediation in karst or fractured rock isunlikely to
occur because of the microbiological characteristics of
karst aquifers. Many microbes attach to the aquifer
matrix and are not motile (swimmers); therefore, con-
tact between those microbes and dissolved contami-
nants would be limited by the lack of surface areain
fractures and conduits. However, adequate informa-
tion does not exist to accept or reject the assumption
that nonmotile bacteria dominate bacteria communi-
tiesin karst conduits. Other researchers have implied
that biodegradation in bedrock aquifersislimited by a
lack of appropriate microorganisms. Vogel (1994), for
example, states that hydrologic and geologic charac-

teristics that would not benefit the natural bioremedia-
tion of chlorinated solvents include fractured rock
systems where small microbial populations exist.

A few reports in the literature dispute that state-
ment. Typical microbial numbersin material from
unconsolidated aquifers have been reported to range
from 1 x 10* to 1 x 10 cells/mL (Ghiorse and Wilson,
1988; Bedient and others, 1994). Studies have shown
that water from bedrock (granite and karst) aquifers
also may contain microbia populations within this
range. For example, total microbial populations of
approximately 1 x 10° cells/mL were detected in
ground-water samples from a deep granite formation
[800 meters (m) below land surface] in Sweden (Ped-
ersen and Ekendahl, 1990). Total microbial popula-
tions of 9.7 x 10° to 8.5 x 10° cells/mL and
heterotrophic bacteria populations of 3.5 x 10° to
5.0 x 10° cells/mL were detected in ground-water sam-
ples from a gasoline-contaminated karst aquifer in
Missouri (O’Connor and Brazos, 1991).

Ground-water studies have detected significant
bacteria concentrations in water samples from karst
aquifers in Tennessee. For example, fecal coliform and
fecal streptococci bacteria were detected and cultured
in ground-water samples from wells completed as
deep as 90 m below land surface in Williamson
County in Middle Tennessee (Hanchar, 1991). Fecal
coliform and fecal streptococci bacteria also have been
detected in several wells in Bedford and Coffee Coun-
ties in Middle Tennessee (Roman-Mas and others,
1991) and in Grainger County in East Tennessee
(Weaver and others, 1994). The detection of viable
fecal bacteria suggests that a wide variety of other
types of bacteria also may be present in karst aquifers
in Tennessee.

Microorganisms responsible for chlorinated-
ethene degradation have been detected in water sam-
ples from bedrock aquifers in other regions. Denitrify-
ing and sulfate-reducing bacterizre identified in
nutrient-poor, anoxic ground water from granite for-
mations (240 m below land surface) in Manitoba, Can-
ada, and lab studies indicated that the bacteria were
able to mineralize a variety of organic substances (Jain
and others, 1997).

Aerobic and anaerobic bacteria have several
characteristics that may improve their ability to
degrade chlorinated ethenes in karst qai These
characteristics include diverse metabolisms and the
ability to withstand fluctuating anaerobic aaerobic
conditions. These bacteria can derive energy from a
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wide variety of foods. Research has shown that metha= STUDY SITE
notrophs are capable of using ammoniainstead of
methane (Bedard and Knowles, 1989; Dalton, 1977)
and that ammonia-oxidizing bacteria are capable of
using methane (Arciero and others, 1989; Bedard and
Knowles, 1989). Research also indicates that
ammonia-oxidizing bacteria and methanotrophs have
slow death rates and can shift into a dormant stage for
extended periods when growth substrates are absent.
Methanotrophs also function at |ow oxygen concentra-
tions and are not inhibited until oxygen is completely

The site used in this study is a manufacturing
facility located on 65 ha in Marshall County, in Middle
Tennessee (fig. 4). The manufacturing facility has
been in operation since 1937 and is currently used to
assemble air conditioning and heating equipment. A
degreaser was installed in 1973 near the south end of
the main manufacturing building. The chlorinated sol-
vent TCE was piped underground from an above-
ground storage tank to the degreaser. In 1980, the

consumed (Henry and Grbi¢-Gali¢, 1994). underground pipe connecting the storage tank to the

Many bacteria, particularly those adapted for degreaser ruptured and released an estimated
aqueous environments, are capable of moving througf3,000 liters of TCE into a piping trench, allowing
the use of flagella. For example, the soil bacteria ordeff CE to migrate into sanitary sewer pipes and the soil.
Pseudomonales have flagella at one or both ends ~ The highest concentration of TCE (950,000 mg/L) was
(Chapelle, 1993) allowing them to swim upgradient ordetected in 1987, when a 61-cm column of dense non-
downgradient. Many chemolithotrophic bacteria such agueous phase liquid (DNAPL) was measured in a
as ammonia- and sulfur-oxidizers develop flagella to shallow well screened near the top of the bedrock
swim towards or away from chemical stimuli as the (Wolfe and others, 1997). In 1997, TCE was detected
need arises. At other times they become nonmotile toin a shallow well at a concentration (171 mg/L) indi-
conserve energy or metabolize material that flows pastating that DNAPL is still present beneath the manu-
them (Atlas, 1987). facturing building.

Further evidence that bacteria are capable of Approximately 50 ground-water monitoring
degrading solvents in a conduit was revealed in a labavells have been completed at the site (fig. 4). Shallow
ratory experiment that examined the aerobic degradawells are screened near the top of bedrock (as much as
tion of TCE by methanotrophs in a 30-m by 5.0-cm 6 m into the bedrock) in a shallow water-bearing zone.
stainless-steel pipe. TCE contaminated water (approxpeeper wells range in depth from 18 to 67 m below
imately 2 mg/L) was pumped into the pipe at a rate ofland surface and are screened in a karst aquifer that
1 liter per minute, and methanotrophs (32 milligrams consists of several water-bearing zones in the bedrock.
dry weight per liter) were added to the pipe water at apgditional well completion datare given in table 2
rate of 0.1 liter per minute. Results indicated that the (at end of the report). Remedial activities at the site
TCE was reduced by 88 percent as the contaminated;nq|,de construction of two ground-water collection
water traveled the length of the pipe at a velocity of trenches on the top of the bedrock in 1989, excavation

110 meters per hour_(m/h) (residence tl_me of and thermal treatment of 1,15§mf contaminated
0.91 hour) (U.S. Environmental Protection Agency, soil near the above-ground storage tanks in 1995

1993). installation of several ground-water pump-and-treat

tThe gr_({)#nci-hwater velocity t“‘ze? mkthetexpedrl-.t wells, and construction of an aeration weir in Snell
ment was within the range reported for karst condul SBranch, a small stream that flows through the study

(10 to 500 m/h) by Quinlan (1989). The initial TCE site (fig. 4). Air strippers are used to remove chlori-

concentration in the flow reactor was also within nated solvents from water collected from the recover
ranges reported for chlorinated solvent contaminated y
érenches and the pump-and-treat wells.

aquifers; however, the concentration of methanotroph e X o
in the flowreactor may have bedrgher than concen- The site is underlain by the Ordovician-age Leb-

trations typically found in karst aquifers. Assuming
that cell mass is equal to #dgrams/cell (Chapelle,

anon, Ridley, and Brce Limetones (Crawford, 1992;
Crawford and Ulmer, 1994; Farmer and Hollyday,

1993), the concentration of methanotrophs in the flow1999) (table 3). The Ridley Limestone is susceptible to

reactor would be approximately 3 x31€ell/mL. This
concentration is within the range normally reported for
total bacteria concentrations in water from karst aqui-

dissolution, especially where exposed at land surface.
Sinkholes are common, and streams flowing off the
Lebanon Limestone lose water and sink into the Rid-

fers, but the concentration does not account for specidgy Limestone. Caves and cave streams primarily

diversity.

develop at contacts between the aquifer and confining
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Table 3. Geologic and hydrologic units at the study site

Thickness at Hydrogeologic

Stratigraphic unit Lithology? study site? characteristics at
(meters) study site?
Regolith Low permeahility clay 1to6 Shallow water-bearing zone
near top of bedrock.
Lebanon Limestone Relatively pure limestone with beds averaging 5.1 61024 Leaky confining unit
to 7.6 cm in thickness. Limestone beds are sepa
rated by partings of calcareous shal e ranging from
0to 1.3 cm in thickness.
Upper Ridley Limestone  Relatively pure, massively bedded limestone with 31 Karst aquifer
little insoluble material. Beds ranging from 10 to
120 cm in thickness.
Thin-Bedded Member Relatively pure limestone with beds 1.3to 10 cmin 9 Confining unit
thickness. Limestone beds are separated by thin
partings of calcareous shale.
Lower Ridley Limestone  Similar to upper part of the Ridley Limestone 6 No water-bearing zones
Pierce Limestone Thinly bedded limestone. Beds average 5.1 cmin 9 Confining unit

thickness. One or more units of massively bedded
limestone may be present. Limestone beds are
separated by thin partings of calcareous shale as

much as 1.3 cmin thickness.

1 From Wilson, 1949.

2 From J.J. Farmer and E.F. Hollyday, U.S. Geologica Survey, written commun., 1999.

units (Crawford, 1992). The Ridley Limestoneis
exposed just north of the study site (Wilson and
Luther, 1963), and Snell Branch sinksinto the forma-
tion and flows to a spring approximately 2.7 km north-
east of the site (Crawford, 1992). Water yields are low
unless awell intersects awell-devel oped conduit or
cave stream in the Ridley Limestone (Crawford and
Ulmer, 1994).

The general flow direction of the shallow
ground water is north-northwest toward Snell Branch
creek asindicated by water levels in shallow wells
(fig. 5). Water levelsin the shallow water-bearing zone
do not appear to be affected by the pump-and-treat
wells. Along the western side of the manufacturing
building, shallow ground water flows toward a trough
in the bedrock surface (fig. 6). Thistrough is downgra-
dient of the original TCE spill and appears to be the
main route for horizontal transport of chlorinated
ethenesin the shallow water-bearing zone (fig. 7).

Well-driller logs and well-pressure test data
from unpublished TDEC-DSF files indicate that the
karst aquifer at the site consists of at least three

ditinctive water-bearing zones | ocated along bedding
planesinthe upper part of the Ridley Limestone (fig. 8).
Thefirst water-bearing zone islocated at an altitude of
approximately 208 m above sealevel and was detected
during the construction of wells 3D and 12D and the
10D weélls. The second water-bearing zone is |ocated
at an altitude of approximately 200 m above sealevel.
Thethird zone is located just above the thin-bedded
member of the Ridley Limestone at an altitude of
190 m above sealevel. The second and third zones
were intersected during the construction of several of
the deep wells. Water-bearing zones were not detected
in the lower part of the Ridley or Pierce Limestones.
Well-driller logs for wells 12D, 10D-A, 10D-B,
and 10D-C, which are located near Snell Branch, indi-
cate the presence of several highly fractured zones
between the altitudes of 190 and 217 m above sea
level. Driller logs for the three 10D wells (fig. 4)
describe a highly fractured zone at an altitude of
216 m above sealeve that is hydraulically connected
to Snell Branch as well as several zones of fractures
between the altitudes of 190 and 208 m above sea

Study Site 9
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level that are hydraulically connected. During the con-
struction of well 12D, an uncompleted well boring
intersected amud-filled cavity 1.2 min height at an
atitude of 208 m above sea level that was hydrauli-
cally connected to Snell Branch. The extensive verti-
cal fracturing beneath Snell Branch, which runs
approximately north 40° east through the study site,
may be a result of jointing. Geologic investigations
described in unpublished Tennessee Division of
Superfund site files indicate that the local joint orien-
tation is north 40° east and north 50° west.
Well-completion data indicate that the water-
producing zoneare not ontinuous beneath the site,
and in some areas fractures appear testkated from
the major zones of ground-water flow. For example,

ground-water flow in the upper part of the Ridley
Limestone is difficult. Since well 11D is screened in
fractures isolated from the major zones of ground-
water flow, changes in the water level of this well lag
behind changes in other wells, and the water levels in
11D may be significantly higher or lower than water
levels in other deep wells (fig. 9).

Pump-and-treat wells completed in tingper
part of the Ridley Limestone (wells 9D, 13D, and
14D) draw down water levels in many of the deep
wells and affect local ground-water flow (fig. 9). The
pumping of well 9D (approximately 100 L/min)
affects water levels in all of the deeplisdocated
south of Snell Branch. The pumping of wells 13D and
14D (approximately 20 L/min at alternating intervals)

well 11D intersects the three water-producing zones iraffects a much smaller area north of Snell Branch

the karst aquifer, yet the well produced less than

(fig. 9). The pump-and-treat operations in the karst

3 L/min. Other wells intersected water-bearing zones aquifer help to removehtorinated solvent and contain

and produced abundant water.

Because of the slight differences in water levels

(fig. 9) when the pump-and-treat wells are operating
and because the wells areemned in different water-
bearing zones, determining the general direction of

the contaminant on site.

Ground-water tracing studies documented in
unpublished TDEC-DSF site files verify that conduits
between wells 3D and 9D and between wells 12D and
9D are hydraulically connected. Sodium chloride was

Study Site 13
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transported from well 3D to well 9D in 18 hours (aver-
age velocity 8 m/h) and rhodamine WT was trans-
ported from well 12D to well 9D in 28 hours (5 m/h).
During these ground-water tracing studies, the pump-
ing rate of well 9D was approximately 64 L/min. The
reports were unclear on how much water was used to
flush the tracers into the conduits. These tracer results
indicate that ground water could flow relatively fast in
the karst aquifer at thissite but do not addressthe issue
of ground-water storage.

Results from additional ground-water tracing
studies demonstrate that some water-bearing zones are
isolated from major zones of ground-water flow.
These water-bearing zones may store water and con-
taminants for relatively long periods. Fluorescein
(2.3 kg) was injected into well 8D on November 15,
1991, and the well was flushed with water (750 L/min)
for 26.5 hours. During the fluorescein study, the pump-
and-treat wells were turned off and nearby springs
were monitored for fluorescein. Fluorescein was
detected in some nearby springs; however, the results
were inconclusive because of the lack of background
samples from the springs. The deep wells at the study
site were not sampled for fluorescein until 1996,

5 years after the dye injection. During those 5 years,
pump-and-treat wells and other remediation efforts
were active at the site. Unpublished TDEC-DSF files
report that fluorescein was still present in water sam-
ples collected from deep wells during two separate
sampling eventsin 1996. The dye was detected at sig-
nificant concentrations in water samples from wells
3D (11to 18 ug/L), 4D (0.54 to 1.2 ug/L), 5D (0.07 to
0.22 ug/L), and 8D (23 to 37 ug/L).

METHODS AND PROCEDURES

Multiple lines of evidence are often needed to
demonstrate biodegradation processes at contaminated
sites (National Research Council, 1993; Wiedemeier
and others, 1998). The lines of evidence used to exam-
ine biodegradation of chlorinated solvents include
(1) geochemical data that indicate depletion of €lec-
tron donors and acceptors and increasing concentra-
tions of metabolic byproducts, (2) chemical datathat
indicate decreasing concentrations of chlorinated sol-
vents and increasing concentrations of degradation
byproducts, and (3) laboratory or field microbiological
datathat indicate the bacteria present at a site can
degrade contaminants (Chapelle and others, 1996;
U.S. Environmental Protection Agency, 19974). This

study used field and laboratory techniques to develop
data and address the three lines of evidence. Geochem-
ical evidence was collected from selected wells for
over 2 years during this study; and organic chemical
data collected during a 10-year period was compiled,
tabulated, and reviewed for spatial and temporal
trends. Microbiological evidence was developed using
microcosms and identification techniques.

Water-Quality Data Collection

Much of the water-quality data was already
available from TDEC-DSF files (site 59-502), includ-
ing chlorinated-ethene, ethene, and ethane data.
Chlorinated-ethene data (TCE and byproducts of TCE
degradation) were available for water samples col-
lected quarterly between 1985 and 1998 from shallow
and deep monitoring wells. Ethene and ethane
(byproducts of VC degradation) data were available
for water samples collected from selected shallow and
deep wells beginning in 1997. These dataincluded
analytical printouts, information on analytical meth-
ods, quality control, and quality assurance data. The
data were tabulated and examined, and changesin the
analytical laboratory methods used were noted.

Additional data-collection activities conducted
by the USGS included periodic water-quality sampling
of selected shallow and deep monitoring wells, collec-
tion of water samples from sel ected deep wells for bac-
teriaidentification and enumeration, and continuous
monitoring of water quality and water levels for
selected deep wells. Water-quality samples were col-
lected by the USGS during seven sampling events:
November 1996; February, August, and November
1997; and February, April, and May 1998. Field mea-
surements of temperature, pH, specific conductance,
akalinity, and dissolved oxygen (DO) were conducted
using methods described by Wood (1981) and Hach
Company (1992). Nutrient, major anion and cation, and
total organic carbon analyses were conducted at the
USGSregional laboratory in Ocala, Fla., using methods
described by Fishman and Friedman (1989). Nutrient
and major anion and cation analyses for samples col-
lected during 1998 were conducted using spectrophoto-
metric methods described by Hach Company (1992).

Continuous monitoring of water quality and
water levels was conducted from March through May
1998. Datawere collected at 15-minuteintervals from
four wells (1D, 2D, 3D, and 12D). The water-quality
monitors located in the screened intervals of wells
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near water-producing zones measured conductivity,
temperature, pH, ORP, and DO. The various sensorsin
the monitors were calibrated prior to placement in the
wells and included rapid-pulse DO sensors that do not
require stirring of the water in awell. Water-quality
and water-level monitors were checked and calibrated
every 2 to 3 weeks. Precipitation data (15-minute
intervals) were obtained from a USGS gaging station
approximately 1.5-km southeast of the study site. Pre-
cipitation data (daily totals) collected by employees at
the site were obtained to verify that the data collected
from the USGS gaging station were consistent with
datafrom the site.

Geochemical Indicators

Geochemical datawere used asindicators of ter-
minal electron acceptor processes occurring in ground
water at the site (Bouwer, 1994; Chapelle and others,
1995; Wiedemeier and others, 1998). The geochemical
dataused included DO, NO3, NH3, Mn?*, Fe?*, SO,%,
and S% concentrations (table 4). Calcium carbonate
saturation indexes were calculated using methods
described by Eaton and others (1995). Field measure-
ments such as pH, alkalinity, specific conductance,
temperature, and ORP were used to provide additional
information concerning biodegradation processes and
changes in water chemistry associated with the site
hydrology.

Due to the complex ground-water flow pathsin
karst, geochemical isopleth maps may be difficult to
construct in karst aquifers and the identification of dis-
crete oxidation-reduction zones along a contaminant-
plume transect isimpractical (Chapelle and others,
1995). Thus, the geochemical data used to identify
oxidation-reduction trends must be presented some
other way. Radia diagrams can be used to identify
spatial and temporal trends for geochemical indicators
of biodegradation (Carey, 1998). Radia diagrams
were used to illustrate oxidation-reduction conditions
by arranging the axes of the diagramsin the sequential
order of preferred electron acceptors (DO, NO3™ Mn,
Fe, and 8042'). AXis ranges were based on concentra-
tions considered indicative of specific geochemical
conditions (Wiedemeier and others, 1998). The axes
for Mn?* and Fe>* were oriented with concentrations
increasing toward the origin since these compounds
are byproducts of Mn** and Fe* reduction (fig. 10).

Chlorinated-Ethene and Degradation Product
Data

The chlorinated ethene released at this site was
TCE. Degradation byproducts of TCE include DCE,
VC, ethene, and ethane. Decreases in parent com-
pounds and detection of chlorinated-ethene degrada-
tion byproducts may provide evidence that
bi odegradati on has occurred (table 5). During reductive

Table 4. Geochemical indicators of terminal electron acceptor processes measured during this study

Constituent

Remarks concerning interpretation

Dissolved oxygen (DO)

If DO isgreater than 1 mg/L (aerobic conditions), reductive dechlorination is unlikely; however, come-

tabolism and direct oxidation of partially dechlorinated solvents are possible.

Nitrate (NO3)

Reductive dechlorination of tetrachloroethylene (PCE) and trichloroethylene (TCE) to cis-1,2-dichloro-

ethylene (cDCE) can occur under these mildly reducing conditions. Direct oxidation of partialy
dechlorinated solvents also may occur under NO3™-reducing conditions.

Ammonia (NHy)

Elevated NH5 concentrations may indicate NO3 -reduction if DO islessthan 1 mg/L. If NH3 is present

at 0.5 mg/L or greater and DO levels are greater than 1.0 mg/L, then partially dechlorinated solvents
may be cometabolized through the NH3-monooxygenase pathway.

Soluble manganese (Mn?*)
and ferrousiron (Fe?).

Increased concentrations of MnZ* and Fe2+, coinciding with low DO concentrations, are indicators that
insoluble manganese and iron (M n** and Fe3+) are serving as el ectron acceptors. Reductive dechlori-

nation of PCE and TCE to cDCE can occur under mildly reducing conditions. M n**- and Fe3*-
reducing bacteria are capable of consuming vinyl chloride (VC) and cDCE.

Sulfate (S04%)

Reductive dechlorination of TCE to cDCE, then to VC and ethene can occur under 8042'-reducing

conditions. The chlorinated solvents compete directly with 8042' to serve as electron acceptors.

Sulfide (S%)

Elevated S* concentrations may indicate SO,%-reduction and conditions favorable for reductive

dechlorination of chlorinated solvents.
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Figure 10. Radial diagrams used to illustrate electron acceptor processes. (Modified from

Carey, 1988.)

dechlorination, all three isomers of DCE can be pro-
duced; however, cDCE is the most commonly pro-
duced isomer and 1,1-DCE is the least commonly
produced. Chlorinated-ethene, ethene, and ethane data
for water samples from shallow and deep wells were
converted to micromolar concentrations and examined
for spatial and temporal trends that could indicate the
occurrence of reductive dechlorination. Aerobic degra-
dation of chlorinated ethenes often resultsin intermedi-
ate byproducts that spontaneously degrade into a
variety of compounds. Intermediate byproducts of aer-
obic degradation, such as TCE-epoxide and chloroace-
tic acids, were not examined during this study.

Microcosm Experiments

In addition to the field evidence, laboratory
microcosms were used to determine if microorganisms

at the site had the potential to degrade contaminants. A
standard microcosm method does not exist; however, a
variety of methods have been reported. In many of the
studies, solid and liquid aquifer materials were placed
in the microcosms (Hopkinsand others, 1993; Chapelle
and others, 1996; Wilson and others, 1996). Other stud-
ies have used only ground water from contaminated
sitesin the microcosms (Nelson and others, 1988;
Krumme and others, 1993; Moran and Hickey, 1997).
Batch-type microcosms containing only water
were used during this study because they may be more
representative of conditionsin karst aguifers. Since
preliminary field data indicated the occurrence of aer-
obic and anaerobic conditions at the site, microcosms
were set up under aerobic conditionsto monitor for the
occurrence of cometabolic degradation pathways.
After depletion of DO, the microcosms were
monitored for anaerobic degradation (reductive
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Table 5. Organic constituents frequently measured at chlorinated-solvent contaminated sites

[Degradation byproducts are often indicative of biodegradation at the site]

Organic constituent

Remarks concerning interpretation

Tetrachloroethylene (PCE)

A commonly used chlorinated solvent that can be biodegraded only by reductive dechlorina-

tion. PCE was not used at this site and has not been detected in ground-water samples from

the study site.
Trichloroethylene (TCE)

A commonly used chlorinated solvent. The most efficient biodegradation mechanismsinclude

reductive dechlorination and methane cometabolism. TCE was the chlorinated solvent
spilled at the study site and has been detected in ground-water samples from the study site.

Dichloroethylene (DCE)
cis-1,2-DCE (cDCE)

The most common byproduct of reductive dechlorination of TCE. If the concentration of

cDCE is greater than 80 percent of total DCE concentration, then reductive dechlorination is
likely to have occurred. Significant concentrations of cDCE have been detected in ground-
water samples from the study site.

trans-1,2-DCE (tDCE)

Trans-1,2-DCE is not produced significantly through any biologically mediated process. If

tDCE is 50 percent or more of thetotal DCE, a good possibility exists that tDCE was
released. Significant concentrations of tDCE have not been detected in ground-water sam-

ples from the study site.
Thisisthe least common byproduct of reductive dechlorination of TCE. 1,1-DCE is also pro-

1,1-DCE

duced when 1,1,1-trichloroethane (TCA) undergoes abiotic chloride elimination. Significant
concentrations of 1,1-DCE have not been detected in ground-water samples from the study

site.
Vinyl chloride (VC)

VCisabyproduct of cDCE reductive dechlorination. VC has been detected in ground-water

samples from the study site.

Ethane and ethene

These are strong indicators of complete reductive dechlorination. They have been detected in

ground-water samples from the study site.

dechlorination). Water samples collected from wells
1D, 2D, 3D, and 12D on February 17, 1998 and

May 21, 1998 were used to construct microcosms dur-
ing two experiments. Four replicates were established
for each treatment, and control procedures included
sterilization of selected microcosms (table 6). During
experiment 1, bacteria counts indicated that the steril-
ization procedure used for controls (experiment 1,
treatment 9) were not successful. The control micro-
cosms were cross-contaminated with bacteriafrom the
other microcosms during the addition of TCE. The
second microcosm experiment was set up to establish
new sterile controls and define the loss of TCE dueto
abiotic factors.

Microcosms were set up in 40-mL glassvials
equipped with Teflon-lined septum caps then stored
inverted in the dark until the selected sampling dates.
On the sampling dates, samples from the microcosms
were analyzed for chlorinated ethenes using gas chro-
matography (GC) with hexane extractions and an elec-
tron capture detector. Additional chlorinated ethene
analyses were performed using GC with headspace
analysis and a photoionization detector.

Bacteria ldentification and Enumeration

The geochemical information described earlier
in thisreport helped to determineif conditions were
suitable for biodegradation of chlorinated ethenes and
to tentatively identify microbial processesin the karst
aguifer. Other lines of evidence such as laboratory
microcosm data and bacteriaidentification and enu-
meration strengthen the interpretation of the geochem-
ical information. Bacteriain water samples collected
on August 20 and 21, 1998, from selected deep wells
were identified by the use of the RNA-oligonucleotide
hybridization method. Facultative and aerobic het-
erotrophic bacteria were enumerated from microcosm
samples that contained water from various wells using
tryptic soy agar plate counts. This information was
used to provide further evidence that sufficient bacte-
ria capable of solvent biodegradation were present in
the karst aquifer.

The RNA-oligonucl eotide hybridization method
is atechnique that takes advantage of unique nucle-
otide sequencesin the ribosomal RNA (rRNA) to iden-
tify the bacteria (Amann and others, 1995). This
method can be used to identify groups of bacteria such
as sulfate-reducing bacteria or specific genera such as
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Table 6. Description of microcosms used to examine biodegradation of chlorinated ethenes
[TCE, trichloroethylene; mg/L, milligrams per liter; --, none; four replicates created for each treatment]

Source of water

Microcosm treatments

Experiment Treatment Wells(s) Date TCE (mg/L) Additional
1 1 1D Feb. 17, 1998 0.17 --
1 2 1D Feb. 17, 1998 0.92 --
1 3 2D Feb. 17, 1998 0.57 --
1 4 2D Feb. 17, 1998 119 --
1 5 3D Feb. 17, 1998 0.30 --
1 6 3D Feb. 17, 1998 0.73 --
1 7 12D Feb. 17, 1998 0.08 --
1 8 12D Feb. 17, 1998 0.68 --
1 9 Multiple Feb. 17, 1998 0.94 Sterilized!
2 1 1D May 21, 1998 161 --
2 2 2D May 21, 1998 153 --
2 3 3D May 21, 1998 119 --
2 4 12D May 21, 1998 2.50 --
2 5 2D/3D May 21, 1998 0.73 Sterilized

1Bacteria data indicated sterilization not successful.

Nitrosomonas sp. The identification level used in this
study was general bacteriagroups such asiron-oxidizers,
methanotrophs, ammonia-oxidizers, and sulfate-reducers
(Byl and others, 1997; Farmer and others, 1998).
Bacteria samples were collected with sterile dis-
posable bailers. Each water sample was poured into a
sterile 1-liter bottle, placed onice, and brought back to
the laboratory. Sterile polycarbonate filters with
0.22-um pores were used to concentrate the bacteriain
the water samples. Bacteria were washed off the poly-
carbonate filters using afew drops of sterile phosphate
buffer (PB) solution. The bacteria were preserved
using a 4-percent paraformaldehyde-PB solution. The

implies a synergistic relation between the organisms.
This potential synergistic relation is one reason why
these bacteria have been difficult to isolate and culture
in the laboratory. To avoid this problem, Siering and
Ghiorse (1997) have developed a rRNA-targeted
hybridization probe to identify iron- and manganese-
oxidizing bacteria in environmental samples. The
RNA-hybridization probe was used to identify these
potential synergistic bacteria in ground-water samples
from this site.

The oligonucleotide probes were tagged with
rhodamine, fluorescein, or acridine orange dye. The
probes were stored at —20 °C until used. Bacteria were

samples were stored in solution at 4 °C until they weregprepared for hybridization by taking a 10Q-sample
subjected to the hybridization tests (Braun-Howland from the preserved cells and washing the preservative

and others, 1992).
The sequences for the RNA-oligonucleotide

out by using a series of washes and centrifugation
steps (Brawn-Howland and others, 1992) and replac-

probes of the various bacteria groups were selected ing the preservative with a hybridizationffar. The
from previously published sequences (Tsien and oth- bacteria cells were incubated for 30 minutes at 90 °C
ers, 1990; Kane and others, 1993; Amann and othersto relax and open the RNA coils for hybridization with
1995). Bacteria have long been recognized to play arthe oligonucleotide probes. The fluorescent-tagged

important role in oxidizing P& to FE*. The reverse
process, bacteria mediated reduction of'fe Fe&*,
has been studied as well (Chapelle, 1993). Field

microbial investigations are indicating that bacteria-

catalyzed F& reduction and P& oxidationare occur-

ring within close proximity of each other (Lovley and

Phillips, 1988; Lovley and others, 1990), which

probes were added to the hybridization mixture and
incubated at 37 °C for 2 hours on a gentle shaker.
Probes hybridized to complimentary sequences in the
bacteria. The cells were spun down in a centrifuge and
resuspended in clean PB solution. The un-hybridized
probes were washed away in a series of PB-solution
centrifugation washes. After two washes, the cells
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were resuspended and filtered through a 0.2-um, clear
polycarbonate filter. The filter with the cells was
placed directly on a slide and examined using an epi-
fluorescent microscope (X 1,000 magnification)
equipped with appropriate excitation and emission fil-
tersfor the targeted dye.

The tryptic soy agar and sterile dilution buffer
used to count facultative anaerobic and aerobic het-
erotrophic bacteria were prepared as described by
Eaton and others (1995). Autoclaved glass filtration
devices were used to hold 0.45-um pore-size sterile
filters. A 0.01- or 1-mL aliquot of shaken well water
was transferred to 20 mL of sterile dilution buffer and
drawn onto the filter as described in the membrane-
filtration method (Britton and Greeson, 1989). The fil-
ters were placed on the agar plates by using sterile for-

ceps and placed in an incubator at 35 °C. Bacteria-

colony forming units were counted after 48 hours.
Results were reported as colony forming units per
100 mL of water.

RESULTS AND INTERPRETATION

TCE and TCE-degradation byproducts are

plume in the shallow waterelaring zone were known,
identifying disrete oxidabn-reduction zones along

the flow path in the shallow zone was possible. The
delineation of oxidation-reduction zones, supple-
mented with organic chemistry data, was used to infer
which chlorinated-ethene degradation processes pre-
vailed along the plume.

Geochemical data for water samples collected
from well 33S indicate that anaerobic conditions were
present in shallow ground water beneath the rfaAu
turing building (fig. 11). Compared to water samples
from other shallow wells, samples collected from well
33S on August 22, 1997, contained low DO andsNO
concentrations (<0.1 and <0.06 mg/L, respectively)
and high NH, Mn?*, and F&* concentrations (1.6,

2.6, and 18 mg/L, respectively). Anaerobic conditions
were present in water samples from well 33S (table 7),
and concentrations of electron acceptors were within
ranges normally associated with iron or possibly
sulfate-reducing @nditions. Those oxidation-

reduction conditions are associated with reductive-
dechlorination processes.

Chlorinated-ethene and degradation-product
data from shallow wells under the building also sup-

present in both the shallow water-bearing zone near port the inference that reductive dechlorination was
the top of bedrock and the deeper karst aquifer at theoccurring in shallow ground water beneath the manu-

study site (fig. 8, table 8). The monitoring data was

unclear whether thieyproducts of TCE degradation
were produced in the shallow water-bearing zone

facturing building [table 8 (at end of the report)].
Water samples from well 33S contained lower molar
concentrations of TCE than molar concentrations of

alone, or if conditions were suitable for additional bio-cDCE and VC (reductive-dechlorination byproducts)
degradation to occur in the karst aquifer. This investi-andcDCE and VC concentrations generally increased
gation attempted to address the biodegradation issuein water samples collected between 1994 and 1997

by reviewing hydrogeologic and organic chemistry

(fig. 12). Ethene and ethane (degradation products of

records, running geochemical analyses, identifying \V/C) also were detected in water samples from shallow
microbes, establishing microcosms, and integrating wells screened beneath the manufacturing building.
the results into multiple lines of evidence. The resultsWater samples collected from well 33S contained

for the shallow water-bearing zone are presented firstg0 to 93uM/L of ethene and 28 to 34M/L of ethane

followed by results for the karst aquifer.

Biodegradation of Chlorinated Ethenes in the
Shallow Water-Bearing Zone

Ground water in the shallow watbearing zone

flows along a trough in the bedrock surface, which

serves as the main route for horizontal transport of

(table 7). Water samples from well 32S, also screened
beneath the manufacturing building, contained 278 to
379uM of ethene. A low molar ratio of parent mate-
rial to byproducts and increasing concentrations of
byproducts are evidence of biologically mediated
reductive dechlorination of TCE.

As the shallow ground water moved downgradi-
ent from the building, direct recharge resulted in higher

chlorinated ethenes in the shallow zone. The shallow DO concentrations in the ground water. Water samples

ground-water contamination plume moved laterally

from well 33S to well 7S to well 2S to well 5S
(fig. 11). Because the general direction of ground-

water flow and the extent of the chlorinated-ethene

from shallow wells not screened beneath the manufac-
turing building commonly contained DO concentra-
tions greater than 1.0 mg/L (fig. 11). Conditions in
wells away from the manufacturing building, near
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well 5S for example, were consistently aerobic

(table 7), which would preclude reductive dechlorina-

tion from occurring. Aerobic degradation (cometabo-
lism) of chlorinated ethenesis possible if sufficient
food and oxygen are available. Ethene and ethane,
which were found in shallow ground water under the
building, are suitable food substrates for inducing
cometabolism. However, concentrations in water sam-
ples from wells to the west of the manufacturing build-
ing (5S, 6S, and 35S) were usually below detection
limits.

A more consistent food supply would be
required to sustain cometabolism in the aerobic zone.
Ammoniaisan aternative food substrate of the AMO
cometabolic pathway. The anaerobic conditions under-
neath the manufacturing building resulted in elevated
concentrations of NH (approximately 0.5t0 2.5 mg/L)
and low NOj3 concentrations in water samples from

Figure 11. Geochemical conditions of water samples collected from selected shallow wells,

wells near the manufacturing building (table 7).
Farther downgradient, where conditions were consis-
tently aerobic (near well 5S), NH3 concentrationswere
lower (less than 0.10 mg/L) and NO3™ concentrations
increased (0.59 to 1.8 mg/L) indicating that NH; was
oxidized to NO3 (fig. 13). Concurrent decreasesin
NH; concentrations and increases in NO3™ concentra-
tions along the delineated flow path are consi stent
with the AMO pathway and the cometabolic degrada-
tion of TCE, cDCE, and VC. These geochemical data
indicate that cometabolism by the AMO pathway may
have been occurring in shallow ground water to the
west of the manufacturing building. Direct oxidation
of VC and cDCE is another potential biodegradation
pathway in the aerobic part of the shallow water-
bearing zone, but this was not confirmed in this study.
Geochemical conditions of water samples from
wells located near the western side of the manufactur-
ing building (7S and 2S) changed in response to rain
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Table 7. Water-quality data for samples collected from selected shallow wells

[uS/cm, microsiemens per centimeter; CaCOs, calcium carbonate; mg/L, milligrams per liter; uM/L, micromoles per liter; <, lessthan; --, no data; @,
sample possibly aerated during collection; *, see table 8 for date samples were collected for trichloroethylene, cis-1,2,-dichloroethylene, and vinyl chloride]

Nitro-
Nitro- gen
Spe- gen am- Manga-
cific Alka- nitrate, monia, nese, Iron, Sulfate,
pH con- linity Dis- dis- dis- dis- dis- dis-
(stand- duct- (mg/L solved solved solved solved solved solved
Well ard ance as oxygen (mg/L (mg/L (mg/L (mg/L (mg/L
name Date units) (uS/cm)  CaCOg) (mglL) as N) as N) as Mn) as Fe) as SOy)
Well 33S  11/12/96* 6.2 1,276 413 <0.1 0.21 1.40 1.70 5.70 61
02/11/97 6.7 1,250 386 <0.1 0.05 1.40 2.00 6.00 75
08/22/97 6.8 1,585 480 <0.1 0.06 1.60 2.60 18.10 170
5/98 - - -- - - - -- - -
wedl 7S 11/12/96* 6.4 1,118 434 242 0.63 0.84 0.03 0.01 37
02/11/97 6.7 1,024 441 1.18 0.22 2.50 4.40 <0.01 32
08/21/97* 7.1 1,080 387 35 1.90 0.98 1.90 <0.01 110
11/05/97 6.7 1,311 350 51 0.20 147 -- 0.01 78
5/98 - - -- - - - -- - -
Wwel 2S  11/12/96* 6.4 908 335 252 0.25 0.48 2.20 0.30 72
02/11/97 7.0 886 359 0.82 <0.02 0.48 1.90 0.24 69
08/22/97 6.8 918 363 2.1 <0.02 0.47 2.10 0.28 67
5/98 - - -- - - - -- - -
Wel5S  11/12/96* 7.4 678 329 - 0.91 0.02 <0.01 <0.01 75
02/11/97 7.6 645 265 7.52 0.59 0.02 <0.01 <0.01 75
08/22/97 - 581 340 5.6 1.80 0.10 1.40 <0.01 78
11/05/97 75 578 255 54 1.10 0.05 -- 0.01 122
5/98 - - -- - - - -- - -

events. DO and NOg3™ concentrations decreased and
NHzand M n2* concentrations increased significantly
between November 12, 1996 and February 11, 1997 in
water samples from well 7S (fig. 14), indicating a
change from aerobi c conditions to manganese-reducing
conditions. The geochemical sampling technique used
during the November 12, 1996 and February 11, 1997
sampling events may have resulted in some ageration of
samples and actual DO concentrations were probably
lower than the measured concentrations. The sampling
technique was modified after the February 11, 1997
sampling event to minimize aeration of samples. The
geochemical dataindicate that at times the zone of
anaerobic reductive dechlorination may have extended
beyond the edge of the building; however, whether sig-
nificant reductive dechlorination occurred in these fluc-
tuating zones of transition is not clear.

Geochemical conditions in this fluctuating tran-
sition zone were probably affected by both infiltration
of water from the surface after rainfall events (fig. 15)

and transport of shallow ground water from the upgra-
dient anaerobic zone beneath the manufacturing build-
ing. As the shallow ground water moves laterally out
from under the building, recharge from rain would
supply DO and dilute the contaminated water. Thus,
the anaerobic water containing ammonia, small ali-
phatic hydrocarbons, and chlorinated ethenes coming
from under the building mixes with aerobic waters,
making the conditions suitable for cometabolism.

M ethanotrophic and ammonia-oxidizing bacteria
would consume methane and ammonia as well as oxy-
genin thistransition zone. Cometabolic destruction of
chlorinated ethenes would aso occur in this transition
zone. Undoubtedly some of the water carrying bacte-
ria, contaminants, electron donors, and €l ectron accep-
torsin the shallow water-bearing zone also migrates
down into the karst aquifer. Evidence that aerobic and
anaerobic biodegradation pathways remained activein
the karst aquifer is examined in the next section.
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Table 7. Water-quality data for samples collected from selected shallow wells—Continued

Chlo- cis-
ride, Tri- 1,2-Di-
Sulfide, dis- Calcite chloro- chloro- Vinyl
dissolved  solved satur- ethy- ethy- chlo-
Well (mg/L (mg/L ation lene lene ride Ethene  Ethane
name Date as 82') as Cl) index (UML) (UML) (uM/L) (uM/L) (UML)
Well 335 11/12/96* -- 150 -0.52 <0.76 182.6 78.4 - --
02/11/97 -- 140 -0.10 0.30 1475 47.7 -- --
08/22/97 0.056 190 0.14 <0.76 150.6 56.0 92.67 27.57
5/98 -- -- -- <6.85 312.9 36.0 60.24 33.59
Well 7S 11/12/96* -- 80 -0.28 63.55 90.3 1.02 -- --
02/11/97 -- 70 -0.01 6.15 114 0.08 -- --
08/21/97* 0.060 56 0.49 50.23 142.4 <0.02 <0.93 <0.86
11/05/97 0.015 14 -- 28.92 168.1 0.98 <0.93 <0.86
5/98 -- -- -- 59.25 280 <7.20 <0.93 <0.86
Well 2S5 11/12/96* -- 45 -0.47 1,415 330.1 32.8 -- --
02/11/97 -- 47 0.15 6104 466.2 29.0 -- --
08/22/97 0.068 46 0.00 1,302 355.9 <8.00 7.77 3.72
5/98 -- -- -- 702.1 279.4 17.3 10.37 2.39
Well 58  11/12/96* -- 15 0.42 0.74 0.47 0.06 -- --
02/11/97 -- 18 0.48 2.09 0.44 <0.02 - --
08/22/97 0.034 11 -- - -- -- <0.93 <0.86
11/05/97 0.005 137 -- 3.73 3.77 <0.02 <0.93 <0.86
5/98 -- -- -- 10.96 5.20 <0.02 <0.93 <0.86
300
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Figure 12. Chlorinated-ethene data for water samples collected from well 33S.
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Figure 15. Daily rainfall totals for a 1-month period before each ground-water sampling event.

Biodegradation of Chlorinated Ethenes in the
Karst Aquifer

Water-quality data collected during periodic
sampling by the USGS indicate that conditionsin
water-producing zones of the upper part of the Ridley
Limestone vary spatially and temporally at the study
site. Conditions in some zones, such as those inter-
sected by wells 1D and 3D, were consistently anaero-
bic, whereas conditions in other zones, such as those
intersected by wells 2D and 12D, fluctuated between
anaerobic and aerobic (table 9). When anaerobic con-
ditions were present, Mn** or Fe3* reduction may
have been the dominant electron acceptor (fig. 16);
however, sulfate reduction also may have been occur-
ring. Sulfide concentrations ranging from 0.002 to
3.46 mg/L were detected in water samples from deep
wells (table 9). The sulfate and sulfide concentrations

were generally higher in samples from the karst aqui-
fer compared to the shallow wells (tables 7 and 9).
Thisis probably duein part to the availability of sul-
fate from the gypsum nodules of the karst bedrock.
Bacteria can accel erate the remobilization of sulfate
and convert the sulfate to sulfide.

Significant concentrations of chlorinated ethenes
(TCE, cDCE, and V C) were detected in water samples
from several deep wells (table 9). Those wells contain-
ing chlorinated ethenes, except for well 12D, had
higher molar concentrations of reductive-dechl orination
byproducts (cDCE and VV C) than of TCE (fig. 17). The
concentration of chlorinated ethenes varied with
hydrologic conditions and weather events. Periodic
increasesin VC and cDCE concentrations in water
samples were detected. For example, between May 10
and August 10, 1996, cDCE concentrations in water
samples from wells 3D and 4D increased from
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Table 9. Water-quality data for samples collected from selected deep wells

[uS/em, microsiemens per centimeter; CaCOg, calcium carbonate; mg/L, milligrams per liter; uM/L, micromoles per liter; --, no data; <, less than; *, see
table 8 for date samples were collected for trichloroethylene, cis-1,2,-dichloroethylene, and vinyl chloride]

Nitro-
Nitro- gen
Water Spe- gen am- Manga-
level cific Alka- nitrate, monia, nese,
(meters pH con- linity Dis- Total dis- dis- dis-
above (stand-  duct- (mg/L solved organic solved solved solved
Well sea ard ance as oxygen carbon (mg/L (mg/L (mg/L
name Date level) units) (uS/cm) CaCO,) (mg/L) (mglL) as N) as N) as Mn)
Well 4D 02/12/97 215.01 7.4 476 180 0.2 -- <0.02 0.28 0.04
08/21/97* 213.12 7.0 179 20 12 -- 0.06 0.02 0.04
5/98 - -- - - - -- - - -
Well 1D 11/12/96* 210.34 6.9 830 265 <0.1 -- 0.42 0.04 0.07
02/11/97 214.71 6.7 995 335 <0.1 -- 0.03 0.30 0.11
08/21/97* 213.36 7.6 818 259 <0.1 25 0.12 0.32 <0.01
11/05/97 206.24 75 756 253 <0.1 13 <0.02 0.50 <0.01
02/17/98 7.2 634 230 0.3 14 0.30 0.50 <0.20
04/30/98 210.85 7.4 708 202 <0.1 75 0.30 0.09 <0.20
05/21/98 207.80 6.2 736 220 0.2 0.7 0.20 0.13 <0.20
Well 3D 11/13/96* 210.30 7.1 725 251 - -- 0.14 0.47 0.01
02/12/97 214.52 7.3 2,342 450 - -- <0.02 3.40 <0.01
08/21/97* 213.23 75 818 284 <0.1 -- 0.04 0.43 0.05
11/05/97 206.18 7.3 844 319 <0.1 -- <0.02 0.71 0.01
02/17/98 7.1 711 294 <0.1 4.0 0.10 0.77 0.10
04/30/98 210.08 7.3 781 240 0.2 8.4 0.20 0.85 0.90
05/21/98 207.11 6.7 688 263 <0.1 13 0.20 0.78 0.20
Well 2D 02/11/97 214.27 7.0 598 - <0.1 -- 0.26 1.70 0.02
08/20/97* 213.37 7.3 427 156 34 38 0.11 0.02 0.02
11/04/97* 205.73 73 406 153 33 -- 0.10 0.41 -
02/17/98 6.9 340 135 2.0 4.0 0.60 0.14 <0.20
04/30/98 210.57 7.3 509 138 <0.1 77 0.20 0.24 <0.20
05/21/98 207.21 6.4 400 159 0.1 7.9 0.20 0.26 <0.20
Well 11D 11/13/96* 209.47 8.2 1,242 113 <0.1 -- 0.03 0.47 <0.01
02/11/97* 213.35 7.7 1,095 163 <0.1 -- 0.02 0.30 0.02
08/20/97* 216.23 8.2 776 137 <0.1 -- 0.16 0.14 0.02
Well 12D 08/20/97* 222.65 7.1 507 105 55 6.3 0.72 0.05 0.05
11/04/97 218.43 7.2 557 266 0.4 -- 0.10 0.13 -
02/17/98 6.9 389 135 5.8 4.6 0.20 0.02 <0.20
04/30/98 220.32 7.4 369 82 53 5.9 0.30 0.10 <0.20
05/21/98 217.22 6.3 590 210 0.2 24 0.40 0.32 <0.20
Well 14D 11/13/96* 220.54 6.8 738 333 - -- 0.04 0.06 0.14
02/11/97* 219.30 7.2 750 330 - -- <0.02 0.16 0.14
11/04/97* 220.03 7.3 789 338 1.0 18 0.19 0.09 0.28
Well 15D-A  11/13/96 223.35 6.9 713 277 - -- 0.58 0.03 0.03
02/12/97 223.60 7.2 830 230 - -- 0.53 0.02 0.03
Well 15D-C 11/13/96 221.67 9.4 329 128 - -- 0.05 0.06 <0.01
02/12/97 221.88 9.6 346 155 <0.1 -- - 0.17 <0.01
Well 16D-B  08/22/97 - 9.6 627 140 18 38.0 0.15 2.30 0.02
11/04/97 - 10.5 697 126 0.3 -- 0.20 4.08 -
Well 10D-B  08/22/97 220.52 8.2 310 138 <0.1 27 0.06 0.05 0.04
11/04/97 220.24 7.0 531 227 <0.1 - <0.02 0.08 -
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Table 9. Water-quality data for samples collected from selected deep wells—Continued

Chlo- cis-
Iron, Sulfate, ride, Tri- 1,2-Di-
dis- dis- Sulfide, dis- Calcite chloro- chloro- Vinyl
solved solved dissolved solved satur- ethy- ethy- chlo-
Well (mg/L (mg/L (mg/L (mg/L ation lene lene ride  Ethene Ethane
name Date as Fe) asSO,) as s%) asCl) index (uM/L) (UML) (UML)  (UM/L) (UML)
Well 4D 02/12/97 0.27 50 - 7 -0.15 0.01 0.06 <0.02 - -
08/21/97* 0.72 2 0.038 3 - <0.01 <0.01 <0.02 - -
5/98 - - - - - <0.01 <0.01 <0.02 <0.04 <0.03
Well 1D 11/12/96* 0.41 22 - 91 -0.39 0.42 0.13 0.74 - -
02/11/97 0.13 52 - 150 -0.44 <0.01 0.06 0.09 - -
08/21/97* 0.17 36 0.024 86 0.45 0.11 0.10 0.05 - -
11/05/97 0.01 A 0.002 66 0.25 0.02 0.36 1.90 339 6718
02/17/98 0.04 72 0.009 45 - - - - - -
04/30/98 0.05 50 0.003 47 - - - - - -
05/21/98 0.02 50 0.028 77 - 0.06 0.12 0.08 <0.04 <0.03
Well 3D 11/13/96* 0.06 93 - 23 -0.16 0.02 1.89 117 - -
02/12/97 <0.01 110 - 440 0.27 0.02 0.62 0.31 - -
08/21/97* 0.03 67 1.570 53 0.41 0.01 0.06 <0.02 - -
11/05/97 0.11 71 2.340 47 0.19 <0.01 0.20 <0.02 <093 126.71
02/17/98 0.13 115 0.130 38 - - - - - -
04/30/98 0.08 88 0.013 12 - - - - - -
05/21/98 0.04 0 0.014 23 - <0.01 2.37 224 <004 2122
Well 2D 02/11/97 0.02 48 - 26 0.18 6.96 14.34 3.92
08/20/97* 0.01 35 0.028 10 -0.04 128 4.82 4.10
11/04/97* 0.01 46 0.011 8 - 6.70 58.80 12.16 6.10 4048
02/17/98 0.02 49 0.031 9 - 454 11.04 2.50 <0.07 4.42
04/30/98 0.08 36 0.006 >10 - - - - - -
05/21/98 0.02 45 0.019 11 - 0.88 5.27 117 <0.04 <0.03
Well 11D 11/13/96* 0.01 590 - 9 0.71 0.52 176 <0.02 - -
02/11/97* 0.03 450 - 6 0.35 0.02 1.46 <0.02 - -
08/20/97* <0.01 260 3.460 3 0.66 <0.01 0.73 <0.02 - -
Well 12D 08/20/97* 0.03 100 0.030 8 -0.35 3.04 0.98 <0.02 - -
11/04/97 0.03 72 0.014 8 - 8.56 3.88 <0.02 <093 <0.87
02/17/98 0.01 75 0.023 37 - 0.14 0.04 <0.03 <0.07 <0.07
04/30/98 0.06 74 0.012 >10 - - - - - -
05/21/98 <0.01 0 0.010 18 - 129 0.78 0.06 <0.04 <0.03
Well 14D 11/13/96* 0.03 65 - 9 -0.24 221 2.39 0.10 - -
02/11/97* 0.23 63 - 10 0.16 151 3.94 0.44 - -
11/04/97* 0.01 120 0.015 11 0.36 2.32 521 0.93 <093 <0.87
Well 15D-A  11/13/96 0.02 130 - <1 -0.21 <0.02 - - - -
02/12/97 0.13 130 - 5 - <0.01 - - - -
Well 15D-C  11/13/96 <0.01 26 - 6 0.52 - - - - -
02/12/97 <0.01 26 - 4 - - - - - -
Well 16D-B 08/22/97 <0.01 160 0.034 15 133 <0.01 0.05 <0.02 - -
11/04/97 <0.01 150 0.014 17 - <0.01 0.03 <0.02 <0.93 4.19
Well 10D-B 08/22/97 0.01 19 0.504 3 0.43 <0.01 0.06 0.09 - -
11/04/97 <0.01 49 0.124 4 - 0.07 0.15 0.12 <093 <0.87
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Figure 16. Typical geochemical conditions for anaerobic water samples collected from deep wells.
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0.01to 7.48 uM/L and from 0.04 to 5.41 uM/L,
respectively (fig. 18). Ethene and ethane also were
detected in water samples from wells 1D, 2D, and 3D
(table 9). The ethene and ethane are final products of
reductive dechlorination of VC and are readily con-
sumed by bacteria.

The high ratio of degradation byproducts to
TCE impliesthat reductive dechlorination is occurring
at the site. The location of the reductive-dechlorination
processis not clear from the chlorinated-ethene data.
The degradation byproducts may have been formed in
the shallow water-bearing zone and transported down
into the upper part of the Ridley Limestone without
any additional dechlorination occurring in the karst
aquifer. Traditionally, sequential patterns of oxidation-
reduction zones along a contaminant plume transect
are used to identify where reductive dechlorination is
active in the aquifer. A simple contaminant flow path
and sequential oxidation-reduction zones could not be
identified for the karst aguifer because of the complex
hydrogeology at the study site. The geochemical and
biological information derived from sampling karst-
aguifer wells were considered individually instead of
as a section of acontinuum along aflow path. The data
for an individual well represents geochemical and bio-
logical conditionsin that part of the karst aquifer,
whether the aquifer isin an active or less active flow
zone. Multiple lines of biodegradation evidence are
presented for karst wells 12D, 1D, 3D, and 2D in the
following text.

Multiple Lines of Evidence from Well 12D

Water-quality conditions of samples from well
12D, located near Snell Branch and screened in the
upper water-producing zone of the Ridley Limestone,
changed significantly after rainfall events. Continuous
data collected from well 12D indicated that water lev-
elsrose (sometimes to land surface), specific conduc-
tance decreased due to dilution by rainwater, and DO
concentrations and ORP (expressed as Eh) increased
(fig. 19). These changes typically occurred within
hours of rainfall events (fig. 20) indicating that water
was quickly transported from land surface to the upper
water-producing zone of the Ridley Limestone inter-
sected by well 12D. These changes in water chemistry
are consistent with the detection of amud-filled cavity
that was hydraulically connected to Snell Branch dur-
ing the construction of well 12D. After rainfall events,
the DO would start to decrease and anaerobic condi-
tionswould develop until the next rainfal (fig. 19).

During dry periods such aslate May 1998,
anaerobic conditions persisted and oxidati on-reduction
potentials decreased (fig. 19D) to levels associated
with iron-reducing conditions (fig. 2). However, dur-
ing the 3 months of continuous monitoring, anaerobic
conditions did not persist long enough for reductive
dechlorination to occur. Thelack of VC (fig. 21),
ethene, and ethane (table 9) in water samples from
well 12D also suggests that little reductive dechlorina-
tion had occurred. Some periodic increasesin cDCE
concentrations were detected in water samples col-
lected from well 12D; however, these increases were
often accompanied by increases in TCE (fig. 21) and
are most likely the result of transport processes, not
reductive dechlorination in the water-producing zone
intersected by well 12D.

These resultsindicate that natural attenuation of
chlorinated ethenes in the part of the karst aquifer
intersected by well 12D is probably limited to aerobic
degradation or mechanisms such as dilution.
Ammonia-oxidizing bacteria and methanotrophs
(table 10) were detected in water samples from well
12D; however, microcosms containing water from
well 12D (experiment 2, treatment 4) did not exhibit
significant aerobic degradation of TCE during a17-
week period (fig. 22). Microcosm data are givenin
table 11 (at end of the report). The water samples used
to construct these microcosms were collected during a
dry period (May 21, 1998) and contained unusually
low DO concentrations (table 9) and ORP (fig. 19D),
which limited aerobic degradation. Between weeks 17
and 23, some reduction in TCE concentrations
occurred in excess of the reductionsin control samples
(fig. 22) which indicate that reductive dechlorination
was beginning to occur.

Datafrom microcosm experiment 1 indicate the
occurrence of reductive dechlorination in microcosms
containing water from well 12D. During microcosm
experiment 1, the discovery was made that control
microcosms (experiment 1, treatment 9) were not ster-
ile. Plate counts for facultative and aerobic het-
erotrophic bacteria indicated greater than 2 x 10
bacteria colony-forming units per 100 milliliters
(CFU/100mL) of water sample in the control micro-
cosms after a 1-week incubation period. Bacteria enu-
meration data are given in table 12 (at end of the
report).

Without adequate controls, determining to what
degree the TCE decreases in the microcosms was
caused by biodegradation was impossible. Significant
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Figure 19. Continuous ground-water monitoring data collected from well 12D for (A) water level,
(B) specific conductance, (C) dissolved oxygen, and (D) oxidation-reduction potential, March 13
through May 19, 1998. (Line gaps indicate missing data.)

cDCE and V C concentrations, however, were detected
in several of the treatments after a 10-month incuba-
tion period, indicating that some reductive dechlorina-
tion had occurred in the microcosms. VC and cDCE
were not present in the microcosms when they were
first constructed, and the detection of the compounds
could only be due to reductive dechlorination of TCE.
After a 10-month incubation period, cDCE rep-
resented 98 and 67 percent of the total chlorinated-
ethene concentration remaining in microcosm treat-
ments containing water from well 12D (experiment 1,
replicates 7 and 8, respectively) (fig. 23). Microorgan-
isms responsible for reductive dechlorination (sulfate
reducers) were detected in water samples from well
12D (table 10), and the microcosms from experiment 1
indicate that the microorganisms were able to dechlo-

rinate TCE after oxygen and other electron acceptors
were depleted during the 10-month incubation period.
In spite of microcosm evidence that reductive dechlo-
rination can occur in water from 12D, it isunlikely
that reductive dechlorination isa significant biological
process in that part of the karst aquifer. Field
geochemical conditionsindicate that the reducing con-
ditionsin 12D are disrupted with each rainfall event.

Multiple Lines of Evidence from Well 1D

Wel| 1D isscreened in the lower water-producing
zone of the karst aquifer and is located close to the
manufacturing building. Water-quality conditionsin
the part of the karst aquifer intersected by well 1D
exhibited little change in response to storms during the
2 months (March 1998 to May 1998) of continuous
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potential, March 31 through April 1, 1998. (Line gaps indicate missing data.)

monitoring. Anaerobic conditions (less than 0.3 mg/L water collected from well 1D on May 1, 1998 (experi-
DO) were consistently detected in water samples col- ment 2, treatment 1) (fig. 22). Ammonia oxidizers were
lected from well 1D during quarterly sampling events not detected in water samples collected from well 1D;
(table 9), and geochemica data indicate manganese- however, methanotrophs were detected (table 10).
reducing conditions (fig. 16). Continuous water-quality Based on the geochemical data and the microcosm
monitoring indicated that although water levels results, biodegradation of chlorinated ethenes in the
increased after precipitation events, specific conduc- water-producing zone intersected by well\wbuld be
tance, DO, and ORP (expressed as Eh) changed little limited to reductive dechlorination. Between 17 and
(fig. 24). Equilibrium of the ORP electrode took 23 weeks, TCE concentrations in the microcosms using
approximately 4 days to come to equilibrium with the well 1D water decreased faster than in the control sam-
aquifer water. Once equilibrium was reached, ORP ples (fig. 22) which could indicate that reductive

measured during continuous monitoring wasnormally ~ dechlorination was beginning to occur. During the 10-
between —150 and —200 millivolts (mV), which is nor- month incubation period of microcosm experiment 1,
mally associated with nitrate-, iron-, and sulfate- TCE degradation byproducts (VC acldCE) increased
reducing conditions (figs. 2 and 24D). from zero to approximately 80 and 50 percent of the
During a 23-week period, significant aerobic deg-average total chlorinated-ethene concentration remain-
radation of TCE was not detected in microcosms usingng in microcosms containing water from well 1D
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Figure 21. Chlorinated-ethene concentrations in water samples collected from well 12D.

Table 10. Results from bacteria identification for samples collected on November 4 and 5, 1997 from selected wells

[N, not detected; Y, detected; --, data not available]

Wells
Type of bacteria 1D 2D 3D 12D 16D-B 10D-B
Ammonia oxidizers N N Y Y Y Y
Methanotrophs Y Y Y Y Y Y
Manganese/iron oxidizers - Y Y Y N Y
Sulfate reducing - Y Y Y Y Y
E. coli Y -- Y Y Y N

(experiment 1, treatments 1 and 2, respectively)

(fig. 23). Results from microcosm experiment 1 dem-
onstrate that reductive dechlorination of TCE is possi-
blein the water from well 1D.

The lag time for reductive dechlorination to
occur in the microcosms was probably due to aeration
of the experimental water during set up. No lag time
would be expected in the aquifer around well 1D since
the conditions are consistently anaerobic. Further evi-
dence of reductive dechlorination in well 1D isfound
in the chlorinated-ethene data (table 8). Byproducts of
TCE reductive dechlorination, DCE and VC, were
found in every sample reported. Thus, the multiple
lines of evidence indicate reductive dechlorination
occurs in the part of the karst aquifer intersected by
well 1D.

Multiple Lines of Evidence from Well 3D

Well 3D islocated near the center of the manu-
facturing building and is screened in the lower water-
producing zone of the upper part of the Ridley Lime-
stone. Continuous water-quality data indicate that
rainfall events and changesin the pumping rate of well
9D affect water-quality conditionsin the part of the
karst aquifer intersected by 3D. When pump-and-treat
well 9D was operating (March 19, 1998 to April 8,
1998) the water moving through the screened interval
of well 3D appeared to have been stored in the karst
aguifer longer than the water moving through the
screened interval of well 12D. Evidence for thisinfer-
ence includes increased specific conductance after pre-
cipitation events (fig. 25B). The higher specific
conductance isindicative of increased dissolved solids
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Figure 24. Continuous ground-water monitoring data collected from well 1D for (A) water level,
(B) specific conductance, (C) dissolved oxygen, and (D) oxidation-reduction potential, March 18
through May 20, 1998. (Line gaps indicate missing data.)
normally associated with limestone dissolution over sulfide concentrations detected in water samples from
time. Also, dye was detected in water samples col- shallow wells (tables 7 and 9), which indicate sulfate-

lected from well 3D in 1996, 5 years after the dye was reduction occrred in the quifer near well 3D.

injected into well 8D which was screened in the same Sulfate-reducing bacteria were identified in water
lower water-producing zone of the karst aquifer. Water ~ samples collected from well 3D (table 10). Results
samples collected from well 3D during quarterly sam-  from microcosm experiment 1 indicate that bacteria
pling normally had low DO concentrations (less than from well 3D can reductively dechlorinate TCE. After
0.2 mg/L) (table 9). During the continuous monitoring  a 10-month incubation periodDCE represented 98
period, DO concentrations in the well water wereless  and 24 percent of the total chlorinated ethene remain-
than 0.5 mg/L and ORP was less than =100 mV ing in microcosms using well 3D water (experiment 1,
(fig. 25D) when the pump-and-treat well was operating treatmats 5 and 6, respectively) (fig. 23).

The ORP (fig. 25D) was within ranges normally The specific conductance of water in well 3D
associated with nitrate-, iron-, and sulfate-reducing decreased, and DO increased, when pump-and-treat
conditions (Stumm and Morgan, 1981). Sulfide con- well 9D was not operating (various times between
centrations detected in some water samples from  April 8, 1998 and May 20, 1998) (fig. 25). The slight
well 3D (>1 mg/L) were significantly higher than decrease in specific conductance and increased DO
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Figure 25. Continuous ground-water monitoring data collected from well 3D for (A) water level,
(B) specific conductance, (C) dissolved oxygen, and (D) oxidation-reduction potential, March 19
through May 20, 1998. (Line gaps indicate missing data.)

associated with pump-and-treat downtime indicate
recharge of the karst aquifer near well 3D by fresh
rainwater. The resulting change would tend to benefit
the aerobic bacteria, ammonia oxidizers and methan-
otrophs, detected in water samples from well 3D.
Results from the second microcosm experiment using
water collected on May 21, 1998, suggest that signifi-
cant cometabolism occurred when aerobic conditions
prevailed. During a 3-week incubation period, TCE in
the microcosms containing well 3D water (experiment
2, treatment 3) was completely degraded (fig. 22).
Themultiplelines of evidence combined indicate
that aerobic and anaerobic degradation occurred in the
water-producing zone of the karst aquifer intersected
by well 3D. Anaerobic conditionswere present with the
pump-and-treat well operating (the normal condition
during this study) and reductive dechlorination was

36

likely. When pump-and-treat well 9D was turned off,
aerobic conditions suitable for aerobic cometabolic
degradation of chlorinated ethenes prevailed. Bacteria
suitable for both anaerobic and aerobic degradation
were present in well 3D, and evidence of both degra-
dation pathways was found in the microcosm studies.

Multiple Lines of Evidence from Well 2D

Well 2D islocated to the west of the manufac-
turing building near pump-and-treat well 9D and is
screened in the lower water-producing zone of the
karst aquifer, asiswell 9D. Because well 2D islocated
very close to pump-and-treat well 9D, water passing
through the screened interval of well 2D probably
flows from several parts of the karst aquifer in
response to the gradient imposed by pumping well 9D.
Water in well 2D represents a composite of waters
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from parts of the karst aquifer affected by the pump-
ing. The ORP and DO conditionsin well 2D tended to
be moderate whereas the bacteria composition ranged
from aerobic to anaerobic bacteria types.

Water-quality conditions in the part of the karst
aquifer intersected by well 2D changed in response to
rainfall events, although not as quickly as conditions
in well 12D. Specific conductance decreased after
rainfall events dueto dilution by rainwater (fig. 26B).
DO concentrations initially increased after rainfall
events then rapidly decreased as anaerobic aquifer
water with ahigh chemical oxygen demand mixed
with therainwater (fig. 26C). In apattern similar to the
DO concentrations, ORP decreased after rainfall
events (fig. 26D). These data indicate that freshwater
was initially transported toward the pump-and-treat
well after rainfall events (fig. 26). However, this fresh
rainwater was soon followed by a mixture of anaero-
bic aquifer water and rainwater as indicated by the
lower specific conductance, DO, and ORP concentra-

tions. Presumably, old aquifer water displaced by the
rainwater contained chemicals such as sulfide and
reduced-metals (Fe”* and Mn?*) that would scavenge
DO carried in by the rainwater, also driving the ORP
down. When the rain ceased, the pre-rain event flow
pattern would return to the karst aquifer within days.
Theimplication is that the hydrology in the karst aqui-
fer was stable during dry periods punctuated by
recharge events that carried in water, DO, food, and
other compounds. Bacteriaas diverse asthosefound in
the karst aquifer would take advantage of these chang-
ing environments, switching between anaerobic and
aerobic conditions.

The quarterly geochemical data (table 9) and
continuous ORP monitoring (approximately +200 mV)
(fig. 27D) indicate that baseline conditions ranged
from slightly aerobic to Mn** and NO;" reducing. Aer-
obic bacteriaand NO3™-reducing bacteria were identi-
fied in these water samples. During the anaerobic
periods after arain event, ORP commonly decreased
to sulfate-reducing conditions (fig. 27D), and
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Figure 26. Continuous ground-water monitoring data collected from well 2D for (A) water level,
(B) specific conductance, (C) dissolved oxygen, and (D) oxidation-reduction potential, March 31
through April 5, 1998. (Line gaps indicate missing data.)
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Figure 27. Continuous ground-water monitoring data collected from well 2D for (A) water level,
(B) specific conductance, (C) dissolved oxygen, and (D) oxidation-reduction potential, March 13
through May 20, 1998. (Line gaps indicate missing data.)

SO,-reducing bacteria were detected in water samples
from well 2D (table 10). However, the sulfate-
reducing conditions lasted only afew daysinwell 2D,
which would be insufficient time for significant reduc-
tive dechlorination to take place. The ORP conditions
and bacteriatypesfound in well 2D represent the wide
range of conditions present in the karst aquifer. The
pattern of ORP and DO with regard to baseline and
post-rain conditions providesinsight into the displace-
ment of older ground water by recharge from
rainwater.

Cometabolism appeared to be amore significant
biological degradation process than reductive dechlo-
rination in microcosms set up with water from well
2D. Experiment 2 microcosms using water from well
2D exhibited significant aerobic degradation. Within

3 weeks, TCE in the microcosms was completely
degraded (fig. 22, treatment 2). M ethanotrophs were
identified in well 2D water samples; however, ammo-
nia oxidizerswere not detected. Bacteriaidentification
and microcosm results in conjunction with geochemi-
cal monitoring indicate that environmental conditions
suitable for cometabolism occurred more consistently
inwell 2D than did conditions for reductive dechlori-
nation. However, results from microcosms in experi-
ment 1 indicate that native bacteriafrom well 2D were
capable of reductively dechlorinating TCE. Evidence
of reductive dechlorination was found in microcosms
after a 10-month incubation period. The TCE degrada-
tion byproduct cDCE was present in microcosms as a
result of reductive dechlorination (experiment 1, treat-
ments 3 and 4) (fig. 23).
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Data Collected from Other Deep Wells

Geochemical data from other deep wells at the
site indicated a similar pattern of anaerobic zonesin
the aquifer or zones fluctuating between aerobic and
anaerobic conditions. The DO concentration in water
samples from well 4D ranged from 0.2 to 1.2 mg/L
and the DO concentration in water samples from well
16D-B ranged from 0.3 to 1.8 mg/L (table 9). Both
aerobic (ammonia oxidizers and methanotrophs) and
anaerobic (sulfate reducers) bacteria were detected in
water samples from well 16D-B (table 10).

Water samples from monitoring wells 10D-B
and 11D contained less than 0.1 mg/L of DO in three
or fewer sampling events. Well 11D isscreened in a
bedding plane that appeared to be isolated from the
active ground-water-flow system. Water from well
11D had such high sulfide concentrations that it had a
strong odor and would start to form ablack precipitate
within minutes after being brought to the surface.
These observations suggest that DO concentrationsin
well 11D were consistently less than 0.1 mg/L. Unlike
well 11D, well 10D-B was screened in a highly frac-
tured area of the karst aquifer. Limited geochemical
data (table 9) indicate anaerobic conditions occurred
in well 10D-B; however, both aerobic and anaerobic
bacteria were present in water samples (table 10),
implying aclose association with aerobic conditions.
More data are required to determine whether condi-
tionsin 10D-B are consistently anaerobic.

Geochemical datafrom 11 deep wellsindicate
that geochemical conditions varied greatly throughout
the karst aquifer at the site (table 9). For example, dur-
ing the August 20-22, 1997 sampling event, DO
ranged from less than 0.1 to 5.5 mg/L, ammonia
ranged from 0.02 to 2.30 mg/L, and sulfide ranged
from 0.02 to 3.46 mg/L.

A large diverse microbial population was also
present throughout the karst aquifer (table 10). The
concentration of viable bacteria present in water sam-
ples from the deep wellswas higher than expected. For
exampl e, aerobic heterotrophic bacteria concentrations
in water samples from the karst aquifer were greater
than 6 x 10% col ony forming units per 100 mL of sam-
ple (table 12). This range of bacteria does not account
for gtrict anaerobic bacteria or others that would not
grow on the tryptic soy agar plates. Still, these un-
enriched bacteria concentrations occurring in the karst
aguifer were equivalent to culture concentrations used
in laboratory biodegradation studies (Dalton, 1977,
Nelson and others, 1988). This suggests enough bacte-

ria are present in the karst aquifer to support TCE
biodegradation.

The hydrologic, biological, and chemical data
demonstrate the large range of hydrologic conditions
in the karst aquifer and provide insight into its com-
plexity. Some areas in the karst aquifer responded rap-
idly to rainfall events whereas other areas were more
stable and changed little regardless of rainfall, proba-
bly reflecting longer ground-water residence times.
This range of hydrologic conditions provides an
opportunity for bacteria to enter, reproduce, and
spread throughout the aquifer system. The bacteria
appear to have flourished wherever conditions were
right. Asthe bacteria multiplied, they influenced the
geochemistry of the system and degraded chlorinated
solvents. Despite the complexity of the karst system,
the same biological degradation processesareactivein
thiskarst system asin any unconsolidated aquifer. The
hydrologic, biological, and chemical data provide
multiple lines of evidence, supported by |aboratory
microcosm results, that a variety of TCE biodegrada-
tion pathways are active in the karst aquifer (table 13).
The central issue for bioremediation is not whether
biodegradation is occurring in the karst aguifer, but
whether water isretained long enough in the karst
aguifer to degrade a meaningful mass of contaminants.
The observation of dyesin various deep wells 5 years
after injection and the stable anaerobic conditions in
parts of the aquifer indicate long local residencetimes.
This study, however, does not determine what volume
of the aguifer is represented by such areas and how
much contamination they contain.

LESSONS LEARNED

This project examined the potential for biologi-
cal degradation of TCE in karst aquifers. Biodegrada-
tion is often presumed to be an irrelevant attenuation
process in karst aquifers because of short ground-water
residence times, lack of bacteria, and unsuitable envi-
ronmental conditions. To address these issues, hydro-
logic, biological, and geochemical information was
gathered. The greatest challenge of this investigation
was interpreting the results within the framework of
the complex karst hydrology. Examining biodegrada-
tion in the shallow water-bearing zone near the top of
the limestone bedrock was relatively straightforward.
Identification was possible of a chlorinated-solvent
plume, agenera ground-water flow path, and a
sequential pattern of oxidation-reduction zones in the
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Table 13. Summary and interpretation of multiple lines of evidence using data collected from deep wells

Geochemical indicators

Geochemical indicators

well (quarterly data) (continuous monitoring data) Chlorinated-ethene data
1D Anaerobic, nitrate-reducing Anaerobic, sulfate-reducing or methano-  cis-1,2-Dichloroethylene, vinyl chlo-
conditions. genic conditions. ride, ethene, and ethane detected.
3D Anaerobic, nitrate-reducing condi- Anaerobic, sulfate-reducing or methano- cis-1,2-Dichloroethylene, vinyl chlo-
tions. Possible sulfate-reducing genic conditions. Aerobic conditions ride, and ethane detected.
conditions at times (high sulfide when the 9D pump-and-treat well is
concentrations detected). not operating.
2D Fluctuates between aerobic and Rapid fluctuations between aerobic and cis-1,2-Dichloroethylene, vinyl chlo-
anaerobic conditions. Possible anaerobic conditions. Oxidation- ride, ethene, and ethane detected.
ammonia oxidization and nitrate reduction potentials indicate manga
reduction during aerobic and nese or iron-reducing levels.
anaerobic conditions, respectively.
12D Fluctuates between aerobic and Anaerobic conditionsonly present fora  cis-1,2-Dichloroethylene, vinyl chlo-
anaerobic conditions. Possible few days after rainfall events. During ride, ethene, and ethane detected.
ammonia oxidization and nitrate dry periods, reducing conditions may Higher molar concentrations of
reduction during aerobic and be present for afew weeks. trichloroethylene than degradation
anaerobic conditions, respectively. products detected.
Other Aerobic and anaerobic conditions Data not available Reductive-dechlorination degradation
wells. products detected.

shallow water-bearing zone. Two lines of evidence,
geochemical and chlorinated-ethene data, sufficed to
demonstrate the occurrence of TCE biodegradation in
the shallow anaerobic zone (fig. 28). Since the aim of
this study wasto determine if biological degradation of
chlorinated solvents was occurring in the karst aquifer,
further examination of the shallow water-bearing zone
was not done.

Byproducts of TCE reductive dechlorination
were detected in water samples from the deeper karst
aguifer; however, additional data was required to
determineif the degradation byproducts were simply
transported from the shallow water-bearing zone or if
they were the result of biodegradation processes
within the karst aquifer. Also, the complexity of the
karst aquifer system made computerized fate-and-
transport models useless for this site. In the karst aqui-
fer, ground-water zones in close proximity to each
other often varied in hydrology, biology, and
geochemistry.

Geochemical parameters and chlorinated sol-
vents measured quarterly in deep wells provided some
understanding of spatial and temporal patternsin the
karst aquifer. These data demonstrated that conditions
were favorable for reductive dechlorination or cometa-
bolic degradation pathways in various parts of the
karst aquifer. After four sampling events, evidence
showed that temporal patterns were not adequately
characterized by the quarterly sampling schedule.
Continuous monitoring devices were placed in four

karst aquifer wellsto gather information on tempera-
ture, pH, DO, ORP, specific conductance, and water
levels to monitor aquifer stability. These continuous
monitoring devices provided some of the most impor-
tant information for identifying areas capable of sus-
taining biological degradation processes. The
continuous monitoring devices confirmed water stor-
age areas and active flow zones in the karst aquifer by
linking specific conductance, ORP, and DO with
hydrogeologic and weather information. This continu-
ous monitoring information was used to interpret the
bacteria and microcosms results (fig. 29).

Biological information similar to that described
in other studies (Wilson and others, 1996) was gath-
ered during the investigation. Additional biological
data were needed because of the widespread percep-
tion that karst aquifers are not able to sustain large
microbial populations. Determining if asufficiently
large and diverse microbial population capable of bio-
degrading the chlorinated solvents existed in the karst
aquifer wascritical for thisinvestigation (fig. 30). This
line of evidence was established by identifying bacte-
ria known to degrade chlorinated solvents using
molecular methods and traditiona plate counts.
Microcosms prepared from non-enriched well water
demonstrated cometabolism or reductive dechlorina-
tion of TCE. Data resulting from these activities
provided biological evidence that sufficient microbes
were present in the karst aquifer and were capable of
degrading TCE under expected site conditions.
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Table 13. Summary and interpretation of multiple lines of evidence using data collected from deep wells—Continued

Well Bacteria-identification data Microcosms Conclusions
1D Ammonia oxidizers not detected. No significant aerobic degradation. Reduc-  Reductive dechlorination possible. No
Methanotrophs detected. Data for tive-dechlorination degradation products aerobic degradation because of the con-
other types of bacteria not available. present after a 10-month incubation. tinuoudy anaerobic conditions.
3D Ammonia oxidizers, methanotrophs, Significant aerobic degradation during a Reductive dechlorination possible. Aero-
manganese and iron oxidizers, and 3-week incubation. Reductive-dechlori- bic degradation may occur when the 9D
sulfate reducers detected. nation degradation products present pump-and-treat well is not operating.
after a 10-month incubation.
2D Methanotrophs, manganese and iron Significant aerobic degradation during a Rapid fluctuations between aerobic and
oxidizers, and sulfate reducers 3-week incubation. Reductive-dechlori- anaerobic conditions may prevent
detected. nation degradation products present reductive dechlorination from occur-
after a 10-month incubation. ring. Some aerobic degradation is
possible.
12D Ammonia oxidizers, methanotrophs, No significant aerobic degradation. Geochemical conditions would limit
manganese and iron oxidizers, and Reductive-dechlorination degradation reductive dechlorination. Aerobic bac-
sulfate reducers detected. products present after a 10-month incu- teria were present, but no aerobic
bation. degradation in microcosms.
Other Aerobic and anaerobicbacteriadetected ~ Microcosm data not available Potential aerobic and anaerobic degrada-
wells. in samples from 10D-B and 16D-B. tion. Additional data needed.

various oxidation-reduction zones

(Geochemical data used to identify )

ANAEROBIC AEROBIC
ZONES ZONES

Chlorinated-ethene data used
to identify decreasing
concentrations of TCE and
increasing concentrations of
VC and cDCE.

Chlorinated-ethene data used
to identify decreasing
concentrations of TCE,
cDCE, and VC.

y

y

Concluded that reductive
dechlorination was occurring
in anaerobic zones.

Conditions were determined
appropriate for aerobic
degradation such as
cometabolism.

}

Additional data (bacteria
identification and microcosm)
needed to verify aerobic
biodegradation was occurring.

Figure 28. Lines of evidence needed to evaluate biodegradation of chlorinated solvents

in the shallow water-bearing zone.
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(quarterly sampling results)

(Geochemical conditions identified)

Examined chlorinated-ethene
data for byproducts

Temporal changes in
geochemistry of karst aquifer
used to interpret results and
assign significance of various

evidence.

Used microcosms to determine
if bacteria can degrade
chlorinated ethenes

( Identified and enumerated
bacteria present in aquifer

Figure 29. Lines of evidence needed to evaluate biodegradation of chlorinated ethenes in the karst aquifer.

Hydrogeology
(residence time)

BIODEGRADATION OF
CHLORINATED ETHENES
IN KARST AQUIFERS

( Geochemistry ) <

> ( Biological community )

Figure 30. Hydrogeology determines residence time of ground water, which
influences the biological community, the geochemistry, and the biodegradation of

chlorinated ethenes in karst aquifers.

Hydrogeology was the principal factor influenc-
ing the biological and geochemical conditionsin the
karst aquifers (fig. 30). Therefore, the chemical and
biological evidence had to be considered in the context
of the hydrology. For example, temporal and spatial
continuity of the aguifer geochemistry and ORP had to
be taken into account before applying the results from
the microcosm studies to the karst aquifer. Results
from the microcosm studies indicated that anaerobic
reductive dechlorination was possible in each well
given strong anaerobic conditions. However,
geochemical conditions in some parts of the aquifer
fluctuate with the weather, preventing reductive
dechlorination from occurring to the same extent asin
the microcosms.

Although hydrology had the principal influence
on the karst system, the appropriate geochemical con-
ditions and biological assemblages also had to be

present for TCE biodegradation to occur. Individualy,
hydrologic, biological, or chemical observations were
insufficient to prove that TCE biodegradation was
occurring in the karst aquifer. Together they provided
convincing evidence that anaerobic and aerobic bio-
logical degradation processes were active in distinct
areas of the karst aquifer.

SUMMARY AND CONCLUSIONS

The biodegradation of chlorinated ethenesin
aguifers consisting of unconsolidated material has
been well documented; however, chlorinated-ethene
biodegradation has not been adequately investigated in
karst areas even though chlorinated-solvent biodegra-
dation products have been detected in karst aquifers.
Factors that affect the biodegradation of chlorinated
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solvents include hydrol ogy, microbiology, and
geochemistry.

Three categories of metabolic processes are
involved in the biological degradation of chlorinated
ethenes. Reductive dechlorination is an anaerobic pro-
cessin which chlorinated ethenes are used as electron
acceptors and results in asequential dechlorination
from PCE to TCE to DCE to V C to ethene. Cometabo-
lism isan aerobic processin which chlorinated ethenes
are degraded as a result of oxygenase enzymes, such
as methane and ammonia monooxygenase, inserting
oxygen into TCE, DCE, or VC molecules. Cometabo-
lism needs additional substrates like methane or
ammonia, as well as dissolved oxygen, to sustain the
process. Direct oxidation is an aerobic or mildly anaer-
obic processin which lightly chlorinated ethenes
(DCE and VC) are used as electron donors. At agiven
site, one or all of these processes could be occurring
depending on environmental conditions.

Most studies of contaminant biodegradation in
fractured rock or karst settings examined biodegrada-
tion in the overburden or saprolite above bedrock. The
lack of studies examining biodegradation in karst
aguifers may be due to the widespread perception that
the hydrologic and microbiologic characteristics of
karst aquifers prevent biodegradation of contaminants
in karst aguifers. Previous research, however, hasindi-
cated that large volumes of water may be isolated from
active ground-water flow pathsin karst aquifers. Other
studies have shown that water from bedrock aquifers
may contain large and diverse microbial populations,
which include bacteria responsible for the degradation
of chlorinated ethenes.

The biodegradation of chlorinated ethenes was
examined at a TCE contaminated karst sitein Middle
Tennessee. A shallow water-bearing zoneis present at
the site and chlorinated-ethenes are transported along
atrough in the bedrock surface. Some deep wells
intersect fractures that are part of the active ground-
water flow system of the karst aquifer, whereas other
deep wells intersect fracturesisolated from the active
ground-water flow system. Pump-and-treat wells com-
pleted in the upper part of the Ridley Limestone draw
down water levelsin many of the deep wellsand affect
local ground-water flow.

Multiple lines of evidence usually are needed to
evaluate potential biodegradation processes. These
lines of evidence normally include: (1) geochemical
datathat indicate depletion of electron donors and
acceptors and increasing concentrations of metabolic

byproducts, (2) chemical datathat indicate decreasing
concentrations of chlorinated solvents and increasing
concentrations of degradation products, and (3) |abo-
ratory or field microbiological data that indicate the
bacteria present at a site can degrade contaminants.
Chlorinated-ethene, ethene, and ethane data for water
samples from shallow and deep wells were obtained
from TDEC-DSF files. Additiona data-collection
activities conducted by the USGS included periodic
water-quality sampling of selected shallow and deep
monitoring wells, collection of water samples from
selected deep wells for bacteriaidentification and enu-
meration, continuous monitoring of water quality and
water levelsfor selected deep wells, and microcosm
studies.

Multiple lines of evidence indicate that reduc-
tive dechlorination was the dominant biodegradation
process occurring in the anaerobic shallow water-
bearing zone underneath the manufacturing building.
Ground water in the shallow water-bearing zone was
influenced by precipitation recharge as the ground
water moved away from the manufacturing building.
The recharge water supplied DO and diluted the con-
taminated water in this transition zone between the
anaerobic zone upgradient and the aerobic zone down-
gradient. Geochemical dataindicate aerobic bacteria
capable of cometabolizing or directly oxidizing the
chlorinated ethenes were active in the aerobic zone
downgradient, further decreasing the concentration of
chlorinated ethenes in the shall ow water-bearing zone.
Undoubtedly some of the water, carrying with it bacte-
ria, contaminants, electron donors, and €l ectron accep-
tors, in the shallow water-bearing zone also migrates
down into the karst aquifer.

Water-quality conditions in the karst aquifer
varied both spatialy and temporally. Significant con-
centrations of chlorinated-ethene biodegradation prod-
ucts were detected in the karst aquifer; however, the
biodegradation products could have been transported
from the shallow water-bearing zone. Because of the
complex hydrology at the site, it was not possible to
identify achlorinated-ethene plume or discrete
oxidation-reduction zones. The deep wells were
treated asindividual areasinstead of as adirect contin-
uum aong aflow path. For example, well 12D is
thought to intersect an active flow conduit in the agui-
fer. Wells 1D and 3D intersect water-bearing zones in
the aquifer with less active flow. The data indicated
that samples from wells which intersect the active
ground-water flow system of the karst aquifer
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(well 12D) contained bacteriathat dechlorinated TCE;
however, the geochemical conditions present would
limit the occurrence of reductive dechlorination. Sam-
ples from wells which intersected fractures isolated
from the active ground-water flow system (well 1D)
contained bacteria which could dechlorinate TCE.
Anaerobic conditions persisted in these zones and the
geochemical conditions in these fractures were suit-
able for reductive dechlorination.

A vast consortia of bacteria capable of degrad-
ing chlorinated ethenes were detected in the water
samples from the karst aquifer. Bacteria capable of
cometabolism and direct oxidation of chlorinated
ethenes were identified in water samples from wells
that fluctuated between aerobic and anaerobic condi-
tions (wells 2D and 3D). During periods of anaerobic
conditions, constituents essential to cometabolism

such as methane, ethane, and ammonia could be pro-
duced. Microcosm resultsindicated that the aerobic
bacteriain samples from the karst aquifer could
quickly (within lessthan 3 weeks) degrade TCE.

The greatest challenge to this investigation was
interpreting the results within the framework of the
complex karst hydrology. Data such as continuous
water-quality monitoring and microbiological data
were hecessary to compose sufficient evidence that
significant biodegradation occurred in the karst aqui-
fer. Continuous monitoring provided some of the most
useful information about the geochemical conditions
and variability inthe karst aquifer. Together, the multi-
ple lines of evidence helped to identify the relation
between hydrology, geochemistry, and biology and the
biodegradation of chlorinated ethenes in the karst
aquifer.
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Table 2. Well completion and hydrogeologic data for selected wells

[--, datanot available; atitudes are in meters above sea leve ; data from Tennessee Division of Superfund files]

Top of
Top of Lebanon Screen Bottom of
Well casing Limestone interval benonite seal Notes
1D 232.48 227.0 171-192 194
2D 226.18 224.7 170-191 193
3D 231.31 229.4 175-193 194
4D 231.84 2311 186-189 190
5D 232.14 229.8 188-191 191
7D 231.96 230.2 169-203 204 Well abandoned
8D 233.77 231.2 166-206 206 Well abandoned
9D 226.86 224.8 183-203 203 Pump-and-treat well
10D-A 221.58 219.3 203-206 207
10D-B 221.55 -- 185-188 188
10D-C 221.67 -- 197-200 201
11D 227.17 2230 184-187 191
12D 223.81 2225 203-206 206
13D 222.49 220.1 183-186 204 Pump-and-treat well
14D 222.57 220.1 180-183 205 Pump-and-treat well
15D-A 230.36 -- 209-212 210
15D-B 230.12 -- 186-189 190
15D-C 230.50 -- 168-174 176
16D - -- -- -
1S 231.65 2258 223- -
2S 231.65 2258 223- - Pump-and-treat well
3s 229.77 226.1 224- -
4s 228.40 226.1 224- -
58 227.92 224.8 223- -
7S 230.64 227.1 225- -
9s 231.65 229.4 223- -
108 227.71 226.9 223- -
118 230.25 226.8 224- -
12S 231.86 227.8 226- -
13S 226.46 2250 221- -
158 230.93 2289 226- -
16S 231.37 227.6 225- -
17s 231.36 2289 226- -
18S 232.36 2295 227- -
19s 232.36 230.9 228- -
20S 231.65 227.3 225- -
21s 231.49 229.3 226- -
255 233.61 230.1 228- -
30S 231.33 -- 229- -
31S 231.58 -- 227- - Pump-and-treat well
32s 231.55 -- 228- - Pump-and-treat well
33s 231.52 -- 229- -
34s 230.75 -- 230- -
35S 224.12 -- 222- -
36S 224.70 -- 223- -
37S 222.76 -- 220- -
40S 230.83 -- 226- -
42 230.55 -- 226- -
BN-1 227.09 -- 223- -
BN-2 225.61 -- 221- -
W-1 225.35 2231 223- -
PL-1 225.52 2231 223- -
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Table 8. Chlorinated-ethene data for samples from selected wells

[Data from Tennessee Division of Superfund files; TCE, trichloroethylene; cDCE, cis-1,2-dichloroethylene; VC, vinyl chloride; pg/L, micrograms per

liter; --, no data; <, lessthan]

Date TCE cDCE VvC Date TCE cDCE VvC
Well sampled (ng/L) (ng/L) (ng/L) Well sampled (ng/L) (ng/L) (ng/L)
2S 10/31/85 950,000 -- -- 5S 08/10/96 137 89 <1
2S 11/05/85 750,000 -- -- 5S 11/10/96 97 46 4
2S 11/12/85 1,080,000 -- -- 5S 02/11/97 274 119 <1
2S 01/03/86 920,000 -- -- 5S 08/22/97 744 43 <1
2S 01/09/87 520,000 -- 5,300 5S 11/05/97 490 365 <1
2S 02/05/87 800,000 -- 88,000 5S 5/21/98 1,440 504 <1
2S 03/13/87 36,000 -- <10 6S 10/31/85 270 -- --
2S 11/13/88 730,000 -- -- 6S 11/05/85 490 -- --
2S 05/16/91 <10 -- <10 6S 11/12/85 720 -- --
2S 10/25/91 68,000 -- <5,000 6S 01/03/86 250 -- --
2S 02/10/92 80,000 -- 4,500 6S 01/09/87 32 -- <10
2S 04/17/92 170,000 -- <5,000 6S 02/05/87 120 -- 1,300
2S 07/31/92 1,800,000 -- <200,000 6S 03/13/87 <10 -- <10
2S 02/24/93 43,000 -- 1,900 6S 11/13/88 62 -- --
2S 05/14/93 52,000 -- 2,200 6S 05/16/91 2,100 -- <10
2S 05/01/94 300,000 100,000 3,000 6S 10/25/91 22 -- <10
2S 08/01/94 350,000 <20 2,900 6S 02/10/92 15 -- <10
2S 11/01/94 190,000 54,000 <500 6S 04/17/92 3 -- 23
2S 02/01/95 140,000 53,000 3,400 6S 07/31/92 5 -- <10
2S 05/01/95 170,000 46,000 <500 6S 10/30/92 8 -- <10
2S 08/01/95 270,000 35,000 <5,000 6S 02/24/93 <5 -- <10
2S 11/01/95 129,600 36,900 2,160 6S 05/14/93 3 -- <10
2S 02/01/96 151,200 36,450 2,300 6S 10/22/93 <5 -- 75
2S 05/10/96 352,000 48,000 3,300 6S 02/09/94 4 -- <10
2S 08/10/96 287,000 43,000 4,000 6S 05/01/94 95 1,300 <25
2S 11/10/96 186,000 32,000 2,050 6S 08/01/94 <25 340 <25
2S 02/11/97 80,200 45,200 1,810 6S 11/01/94 1 32 12
2S 08/22/97 171,000 34,500 <500 6S 02/01/95 <1 170 1
2S 5/21/98 92,250 27,090 1,080 6S 05/01/95 <1 86 21
5S 10/31/85 5,600 -- -- 6S 08/01/95 <3 39 <3
5S 11/05/85 9,800 -- -- 6S 11/01/95 <2 98 14
5S 11/12/85 14,800 -- -- 6S 02/01/96 <1 136 40
5S 01/03/86 16,600 -- -- 6S 05/10/96 <1 170 49
5S 01/09/87 110,000 -- 900 6S 08/10/96 <1 516 106
5S 02/05/87 280,000 -- 21,000 6S 11/10/96 12 81 14
5S 03/13/87 130,000 -- <10 6S 02/14/97 3 114 22
5S 11/13/88 68,100 -- -- 6S 08/27/97 <1 80 42
5S 05/16/91 320,000 -- 4,300 6S 5/21/98 <1 86 27
5S 10/25/91 3,000 -- <100 7S 10/31/85 48,000 -- --
5S 02/10/92 910 -- 30 7S 11/05/85 31,000 -- --
5S 04/17/92 470 -- 10 7S 11/12/85 71,000 -- --
5S 07/31/92 5,400 -- <500 7S 01/03/86 31,000 -- --
5S 10/30/92 4,400 -- <500 7S 01/09/87 430,000 -- 56
5S 02/24/93 2,700 -- <250 7S 02/05/87 120,000 -- <10
5S 05/14/93 160,000 -- <500 7S 03/13/87 150,000 -- <10
5S 02/09/94 980 -- <100 7S 11/13/88 18,900 -- --
5S 05/01/94 650 1,700 <25 7S 05/16/91 95,000 -- 400
5S 08/01/94 2,400 960 <25 7S 10/25/91 59,000 -- 290
5S 11/01/94 1,300 170 <25 7S 02/10/92 75,000 -- <5,000
5S 02/01/95 1,100 300 <50 7S 04/17/92 200,000 -- <5,000
5S 05/01/95 160 170 <50 7S 07/31/92 160,000 -- <10,000
5S 08/01/95 200 110 <5 7S 10/30/92 92,000 -- <10,000
5S 11/01/95 148 108 12 7S 02/24/93 93,000 -- <5,000
5S 02/01/96 71 110 3 7S 05/14/93 140,000 -- <10,000
5S 05/10/96 221 285 <1 7S 10/22/93 82,000 -- <10,000
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Table 8. Chlorinated-ethene data for samples from selected wells—Continued

Date TCE cDCE VvC Date TCE cDCE VvC
Well sampled (ng/L) (ng/L) (ng/L) Well sampled (ng/L) (ng/L) (ng/L)
7S 02/09/94 87 -- <10 20S 02/01/95 49,000 110,000 5,100
7S 05/01/94 140,000 120,000 <500 20S 05/01/95 52,000 64,000 2,400
7S 08/01/94 16,000 22,000 500 20S 08/01/95 120,000 79,000 4,800
7S 11/01/94 17,000 28,000 <500 20S 11/01/95 6,300 1,200 36
7S 02/01/95 6,400 23,000 <500 20S 02/01/96 60,750 28,350 4,100
7S 05/01/95 18,000 28,000 <500 20S 05/10/96 92,000 124,000 8,500
7S 08/01/95 47,000 52,000 <500 20S 08/10/96 80,000 115,000 10,000
7S 11/01/95 12,800 24,920 146 20S 11/10/96 78,000 102,000 8,500
7S 02/01/96 810 1,163 21 20S 02/19/97 31,200 99,200 10,200
7S 05/10/96 10,930 10,100 70 20S 08/27/97 40,000 77,000 3,000
7S 08/10/96 5,660 7,850 85 20S 5/21/98 18,000 76,950 9,180
7S 11/10/96 8,350 8,750 64 33S 10/22/93 <5 -- 2,000
7S 02/11/97 808 1,110 5 33S 02/09/94 <100 -- 430
7S 08/22/97 6,600 13,800 <1 33S 05/01/94 2 110 140
7S 11/05/97 3,800 16,300 61 33S 08/01/94 1 1 5
7S 5/21/98 7,785 27,140 <450 33S 11/01/94 1 2,400 4,100
11S 01/09/87 35 -- <10 33S 02/01/95 3 2,400 2,900
11S 02/05/87 <10 -- 11 33S 05/01/95 300 3,400 1,500
11S 03/13/87 <10 -- <10 33S 08/01/95 140 4,800 1,600
11S 11/13/88 36 -- -- 33S 11/01/95 12 3,500 1,900
11S 02/10/92 14 -- <10 33S 02/01/96 <1 7,200 2,500
11S 04/17/92 <5 -- <10 33S 05/10/96 <100 10,700 3,100
11S 07/31/92 13 -- <10 33S 08/10/96 <100 11,200 4,600
11S 10/30/92 33 -- <10 33S 11/10/96 <100 17,700 4,900
11S 02/24/93 17 -- <10 33S 02/11/97 39 14,300 2,980
11S 05/14/93 20 -- <10 33S 08/22/97 <100 14,600 3,500
11S 10/22/93 31 -- <10 33S 5/21/98 <900 30,330 2,250
11S 02/09/94 18 -- <10 34S 10/22/93 <500 -- 770
11S 05/01/94 18 58 <1 34S 02/09/94 25,000 -- <5,000
11S 08/01/94 18 50 <1 34S 05/01/94 55 400 720
11S 11/01/94 15 41 <1 34S 08/01/94 140 1,800 2,400
11S 02/01/95 14 33 <1 34S 11/01/94 8,400 8,200 <100
11S 05/01/95 7 25 <1 34S 02/01/95 810 2,900 1,300
11S 08/01/95 11 26 <1 34S 05/01/95 300 2,500 130
11S 11/01/95 8 21 <1 34S 08/01/95 180 5,700 670
11S 02/01/96 9 33 <1 34S 11/01/95 675 5,490 900
11S 05/10/96 7 20 <1 34S 02/01/96 1,140 3,290 710
11S 08/10/96 6 38 <1 34S 05/10/96 460 15,620 3,940
11S 11/10/96 9 26 <1 34S 08/10/96 368 3,200 1,400
11S 02/18/97 7 40 <1 34S 11/10/96 115 1,850 709
11S 08/27/97 6 32 <1 34S 02/18/97 1,200 3,800 1,130
11S 5/21/98 <1 2 <1 34S 08/26/97 2 820 350
20S 01/09/87 270,000 -- <2,000 34S 5/21/98 212 1,449 338
20S 02/05/87 530,000 -- <10 35S 10/22/93 <5 -- <10
20S 03/13/87 500,000 -- <10 35S 02/09/94 6 -- <10
20S 11/13/88 79,000 -- -- 35S 05/01/94 280 110 2
20S 05/16/91 61,000 -- <10 35S 08/01/94 2 11 1
20S 10/25/91 54,000 -- <5,000 35S 11/01/94 5 38 <1
20S 02/10/92 290,000 -- <10,000 35S 02/01/95 <3 16 <3
20S 04/17/92 13,000 -- 11,000 35S 05/01/95 <1 7 <1
20S 10/30/92 460,000 -- <10,000 35S 08/01/95 3 27 <1
20S 02/24/93 360,000 -- <10,000 35S 11/01/95 6 38 8
20S 05/14/93 960,000 -- 4,700 35S 02/01/96 4 24 <1
20S 10/22/93 380,000 -- <25,000 35S 05/10/96 3 16 <1
20S 02/09/94 558,000 -- <50,000 35S 08/10/96 <1 20 3
20S 05/01/94 49,000 36,000 1,700 35S 11/10/96 1 18 2
20S 08/01/94 13,000 150,000 3,000 35S 02/13/97 4 8 <1
20S 11/01/94 180,000 90,000 <500 35S 08/27/97 2 29 5
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Table 8. Chlorinated-ethene data for samples from selected wells—Continued

Date TCE cDCE VvC Date TCE cDCE VvC
Well sampled (ng/L) (ng/L) (ng/L) Well sampled (ng/L) (ng/L) (ng/L)
35S 5/21/98 2 17 1 1D 11/05/97 3 35 119
37S 10/22/93 <5 -- <10 1D 5/21/98 8 12 5
37S 02/09/94 <5 -- <10 2D 02/14/89 <10 -- --
37S 05/01/94 <5 <5 <5 2D 04/20/89 <5 -- --
37S 08/01/94 <1 <5 3 2D 02/28/91 3,900 -- --
37S 11/01/94 <1 <1 <1 2D 04/11/91 5,200 -- 16
37S 02/01/95 <1 <1 <1 2D 07/25/91 16,000 -- 13
37S 05/01/95 <1 <1 <1 2D 10/18/91 90,000 -- 440
37S 08/01/95 <1 <1 <1 2D 02/19/92 130,000 -- 1,400
37S 11/01/95 <1 <1 <1 2D 04/15/92 68,000 -- <5,000
37S 02/01/96 <1 <1 <1 2D 07/31/92 59,000 -- <5,000
37S 05/10/96 <1 1 <1 2D 10/30/92 130,000 -- <10
37S 08/10/96 <1 <1 <1 2D 02/26/93 51,000 -- <10,000
37S 11/10/96 <1 <1 <1 2D 05/19/93 17,000 -- <1,000
37S 02/18/97 <1 <1 <1 2D 10/22/93 27,000 -- 6,800
37S 08/27/97 <1 <1 <1 2D 02/10/94 8,000 -- 1,000
37S 5/21/98 <1 <1 <1 2D 05/01/94 14,000 16,000 <25
42S 08/01/94 1 10 1 2D 08/01/94 11,000 3,900 <250
42S 11/01/94 250 <50 <50 2D 11/01/94 38,000 12,000 <500
42S 02/01/95 <1 <1 <1 2D 02/01/95 1,700 540 <1
42S 05/01/95 <1 <1 <1 2D 05/01/95 510 8,300 <500
42S 08/01/95 <1 <1 <1 2D 08/01/95 8,300 2,000 <100
42S 11/01/95 <1 <1 <1 2D 11/0/95 101,700 106,200 4,500
42S 02/01/96 <1 <1 <1 2D 02/01/96 2,990 6,400 1,005
42S 05/10/96 <1 1 <1 2D 05/10/96 1,650 5,100 1,165
42S 08/10/96 <1 <1 <1 2D 08/10/96 1,500 2,300 50
42S 11/10/96 <1 <1 <1 2D 11/10/96 1,590 2,680 <10
42S 08/18/97 <1 <1 <1 2D 02/11/97 915 1,390 245
42S 08/27/97 <1 <1 <1 2D 05/20/97 5,290 520 38
42S 5/21/98 <1 4 <1 2D 08/22/97 168 467 256
1D 02/14/89 3,998,000 -- -- 2D 11/05/97 880 5,700 760
1D 04/20/89 260,000 -- -- 2D 2/17/98 597 1,070 156
1D 02/28/91 180 -- -- 2D 5/21/98 116 511 73
1D 04/11/91 180 -- 160 3D 01/25/90 26,000 -- --
1D 07/25/91 <10 -- 400 3D 02/28/91 2,900 -- --
1D 10/18/91 96 -- 17 3D 04/11/91 2,200 -- 120
1D 02/06/92 12 -- 2,600 3D 07/25/91 240 -- 13
1D 04/15/92 54 -- 8 3D 10/18/91 <5 -- 390
1D 07/31/92 48 -- <10 3D 02/06/92 130 -- 170
1D 10/30/92 <5 -- <10 3D 04/15/92 34 -- <10
1D 02/26/93 32 -- 450 3D 07/31/92 1,100 -- <50
1D 05/19/93 32 -- 9 3D 10/30/92 30 -- <10
1D 10/22/93 18 -- 1,000 3D 02/26/93 11 -- <10
1D 02/10/94 7 -- 3,500 3D 05/19/93 14 -- <10
1D 05/01/94 29 14 19 3D 10/22/93 <5 -- <10
1D 08/01/94 140 24 <3 3D 02/10/94 12 -- 16
1D 11/01/94 270 300 46 3D 05/01/94 39 25 19
1D 02/01/95 9 120 110 3D 08/01/94 3 438 12
1D 05/01/95 3 130 220 3D 11/01/94 43 47 <1
1D 08/01/95 5 18 25 3D 02/01/95 <1 2 <1
1D 11/01/95 28 47 65 3D 05/01/95 4 7 <1
1D 02/01/96 8 119 740 3D 08/01/95 5 7 <1
1D 05/10/96 10 81 940 3D 11/01/95 6 5 10
1D 08/10/96 89 20 24 3D 02/01/96 4 7 2
1D 11/10/96 55 13 46 3D 05/10/96 <1 1 <1
1D 02/11/97 <1 6 5 3D 08/10/96 1 725 176
1D 08/22/97 14 10 3 3D 11/10/96 3 183 73
48 Biodegradation of Chlorinated Ethenes at a Karst Site in Middle Tennessee



Table 8. Chlorinated-ethene data for samples from selected wells—Continued

Date TCE cDCE VvC Date TCE cDCE VvC
Well sampled (ng/L) (ng/L) (ng/L) Well sampled (ng/L) (ng/L) (ng/L)
3D 02/12/97 2 60 19 10D-A  02/06/92 3,600 - <100
3D 08/22/97 2 6 <1 10D-A  02/12/92 3,100 - <100
3D 11/05/97 <1 19 <1 10D-A  04/15/92 1,800 - <250
3D 5/21/98 <1 230 140 10D-A 07/31/92 340 -- <100
4D 01/25/90 2,300 -- -- 10D-A 10/30/92 900 -- <10
4D 02/28/91 210 -- -- 10D-A  02/26/93 190 -- <10
4D 04/11/91 180 -- 150 10D-A  05/19/93 280 -- <100
4D 07/25/91 48 -- <10 10D-A  10/22/93 780 -- <100
4D 10/18/91 <5 -- <10 10D-A 02/10/94 160 -- <20
4D 02/06/92 31 -- 12 10D-A 05/01/94 110 33 <5
4D 04/15/92 1,100 -- <10 10D-A 08/01/94 70 71 <1
4D 07/31/92 250 -- <100 10D-A 11/01/94 120 79 <1
4D 10/30/92 <5 -- <10 10D-A 02/01/95 5 34 <1
4D 02/26/93 2 -- <10 10D-A  05/01/95 73 42 <1
4D 05/19/93 190 -- <10 10D-A 08/01/95 29 15 <1
4D 10/22/93 <5 -- <10 10D-A 11/01/95 86 39 <2
4D 02/10/94 <5 -- <10 10D-A  02/01/96 46 24 <1
4D 05/01/94 43 7 <1 10D-A  05/10/96 39 15 <1
4D 08/01/94 6 1 <1 10D-A  08/10/96 10 8 <1
4D 11/01/94 82 27 <1 10D-A 11/10/96 30 14 <1
4D 02/01/95 <1 3 <1 10D-A 02/21/97 35 18 <1
4D 05/01/95 9 3 <1 10D-A  08/26/97 1 <1 <1
4D 08/01/95 <1 <1 <1 10D-A 5/21/98 7 16 4
4D 11/01/95 2 <1 <1 10D-B  02/06/92 280 -- <10
4D 02/01/96 1 2 <1 10D-B  02/19/92 150 -- <10
4D 05/10/96 7 4 <1 10D-B  04/15/92 160 -- <10
4D 08/10/96 98 524 2 10D-B  07/31/92 140 -- <10
4D 11/10/96 8 60 7 10D-B  10/30/92 120 -- <10
4D 02/12/97 2 6 <1 10D-B  02/26/93 120 -- 15
4D 08/22/97 <1 <1 <1 10D-B  05/19/93 81 -- 32
4D 5/21/98 <1 <1 <1 10D-B  10/22/93 150 -- <10
5D 01/25/90 7 -- -- 10D-B  02/10/94 75 -- <4
5D 02/28/91 <5 -- -- 10D-B  05/01/94 51 45 6
5D 04/11/91 <5 -- <5 10D-B  08/01/94 59 91 6
5D 07/25/91 <10 -- <10 10D-B  11/01/94 32 130 33
5D 10/18/91 93 -- <5 10D-B  02/01/95 19 30 3
5D 02/06/92 20 -- <10 10D-B  05/01/95 33 45 <1
5D 04/15/92 1,300 -- <10 10D-B  08/01/95 37 38 <1
5D 07/31/92 49 -- <10 10D-B  11/01/95 60 46 10
5D 10/30/92 360 -- <100 10D-B  02/01/96 35 37 4
5D 02/26/93 <5 -- <10 10D-B  05/10/96 50 47 1
5D 05/19/93 170 -- <10 10D-B  08/10/96 11 42 14
5D 10/22/93 45 -- <10 10D-B  11/10/96 50 44 <1
5D 02/10/94 <5 -- <10 10D-B  02/21/97 24 38 1
5D 05/01/94 15 25 <1 10D-B  05/22/97 46 35 1
5D 08/01/94 31 5 <1 10D-B  08/22/97 <1 6 6
5D 11/01/94 20 7 <1 10D-B  11/04/97 9 15 8
5D 02/01/95 6 11 <1 10D-B  2/17/98 <2 <2 <2
5D 05/01/95 <1 <1 <1 10D-B  5/21/98 <1 <1 <1
5D 08/01/95 4 7 <1 10D-C  02/01/96 86 45 <1
5D 11/01/95 8 1 <2 10D-C  05/10/96 76 38 1
5D 02/01/96 <1 <1 <1 10D-C  08/10/96 36 33 <1
5D 05/10/96 <1 <1 <1 10D-C  11/10/96 35 25 <1
5D 08/10/96 <1 2 4 10D-C  02/21/97 21 20 <1
5D 11/10/96 2 <1 2 10D-C  08/26/97 7 4 <1
5D 02/13/97 <1 <1 <1 10D-C  5/21/98 <1 <1 <1
5D 08/26/97 2 <1 <1 11D 02/06/92 5,900 - <100
5D 5/21/98 <1 <1 <1 11D 02/19/92 700 -- 13
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Table 8. Chlorinated-ethene data for samples from selected wells—Continued

Date TCE cDCE VvC Date TCE cDCE VvC
Well sampled (ng/L) (ng/L) (ng/L) Well sampled (ng/L) (ng/L) (ng/L)
11D 04/15/92 720 -- <50 12D 11/10/96 1,700 180 <10
11D 07/31/92 390 -- <100 12D 02/13/97 <1 <1 <1
11D 10/30/92 1,000 -- <50 12D 05/22/97 1,240 220 <10
11D 02/26/93 500 -- <50 12D 08/22/97 400 95 <1
11D 05/19/93 500 -- <100 12D 11/04/97 1,125 376 <1
11D 10/22/93 200 -- <100 12D 2/17/98 18 4 <2
11D 02/10/94 910 -- <50 12D 5/21/98 170 8 4
11D 05/01/94 1,400 1,400 10 13D 10/22/93 4,600 -- <10
11D 08/01/94 650 750 <25 13D 02/10/94 1,400 -- <100
11D 11/01/94 970 800 <50 13D 05/01/94 180 23 <5
11D 02/01/95 540 450 4 13D 08/26/97 255 203 3
11D 05/01/95 650 350 <25 13D 10/14/97 71 102 2
11D 08/01/95 540 420 <25 13D 11/05/97 62 72 <1
11D 11/01/95 420 335 9 14D 10/22/93 2,800 -- <10
11D 02/01/96 416 263 1 14D 02/10/94 610 -- 17
11D 05/10/96 140 410 <5 14D 05/01/94 470 140 12
11D 08/10/96 42 274 1 14D 08/01/94 210 130 <3
11D 11/10/96 68 171 <1 14D 11/01/94 130 150 <5
11D 02/12/97 3 142 <1 14D 02/01/95 150 170 2
11D 08/22/97 <1 71 <1 14D 05/01/95 180 84 <5
11D 5/21/98 <1 27 4 14D 08/01/95 120 92 <1
12D 02/06/92 200,000 -- <480 14D 11/01/95 198 138 16
12D 02/12/92 230,000 -- <1,000 14D 02/01/96 252 234 21
12D 04/15/92 14,000 -- <1,000 14D 05/10/96 428 230 10
12D 07/31/92 10,000 -- <1,000 14D 08/10/96 320 310 8
12D 10/30/92 2,300 -- <10 14D 11/10/96 290 232 6
12D 02/26/93 170 -- 15 14D 02/12/97 198 382 28
12D 05/19/93 2,100 -- 7 14D 05/22/97 520 310 <10
12D 10/22/93 2,200 -- <20 14D 08/26/97 270 330 24
12D 02/10/94 7 -- <10 14D 11/05/97 305 505 58
12D 05/01/94 1,400 550 5 16D-A  05/28/97 <1 2 <1
12D 08/01/94 1,800 1,100 <50 16D-A  08/26/97 <1 3 <1
12D 11/01/94 950 410 <5 16D-A  11/04/97 <1 2 <1
12D 02/01/95 620 670 3 16D-A  2/17/98 <2 <2 <2
12D 05/01/95 730 90 <50 16D-A  5/21/98 <1 <1 <1
12D 08/01/95 690 270 <25 16D-B  05/28/97 <1 2 <1
12D 11/01/95 920 240 11 16D-B  08/22/97 <1 5 <1
12D 02/01/96 1,500 300 6 16D-B  11/04/97 <1 3 <1
12D 05/10/96 1,250 250 <5 16D-B  2/17/98 <2 7 <2
12D 08/10/96 1,850 650 21 16D-B  5/21/98 <1 <1 <1
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Table 11. Microcosm data used to examine biodegradation of chlorinated ethenes

[Concentrations are in milligrams per liter; GC, gas chromatography; ECD, € ectron capture detector; PID, photoionization detector; cDCE,
cis-1,2-dichloroethylene; ND, not detected; <, lessthan; --, no data]

Microcosm identification

Experiment Treatment Treatment Time Replicate Trichloroethylene cDCE Vinyl chloride
number number description (weeks) number GC/ECD GC/PID GC/PID GC/PID
1 1 1D live 0 1 0.15 -- -- -
1 1 1D live 0 2 0.15 -- -- -
1 1 1D live 0 3 0.17 -- -- -
1 1 1D live 0 4 0.20 -- -- -
1 2 1D live 0 1 0.92 -- -- -
1 2 1D live 0 2 0.98 -- -- -
1 2 1D live 0 3 0.97 -- -- -
1 2 1D live 0 4 0.79 -- -- -
1 3 2D live 0 1 0.61 -- -- -
1 3 2D live 0 2 0.56 -- -- -
1 3 2D live 0 3 0.62 -- -- -
1 3 2D live 0 4 0.50 -- -- -
1 4 2D live 0 1 141 -- -- -
1 4 2D live 0 2 1.09 -- -- -
1 4 2D live 0 3 1.10 -- -- -
1 4 2D live 0 4 1.15 -- -- -
1 5 3D live 0 1 0.07 -- -- -
1 5 3D live 0 2 0.07 -- -- -
1 5 3D live 0 3 0.08 -- -- -
1 5 3D live 0 4 0.08 -- -- -
1 6 3D live 0 1 0.81 -- -- -
1 6 3D live 0 2 0.71 -- -- -
1 6 3D live 0 3 0.74 -- -- -
1 6 3D live 0 4 0.65 -- -- -
1 7 12D live 0 1 0.09 -- -- -
1 7 12D live 0 2 0.08 -- -- -
1 7 12D live 0 3 0.08 -- -- -
1 7 12D live 0 4 0.07 -- -- -
1 8 12D live 0 1 0.74 -- -- -
1 8 12D live 0 2 0.71 -- -- -
1 8 12D live 0 3 0.67 -- -- -
1 8 12D live 0 4 0.62 -- -- -
1 9 Unsterile control 0 1 - - - --
1 9 Unsterile control 0 2 1.05 - -- --
1 9 Unsterile control 0 3 0.87 - -- --
1 9 Unsterile control 0 4 0.91 - -- --
1 1 1D live 2 1 0.17 -- -- -
1 1 1D live 2 2 0.12 -- -- -
1 1 1D live 2 3 -- - -- --
1 1 1D live 2 4 0.18 -- -- -
1 2 1D live 2 1 0.58 -- -- -
1 2 1D live 2 2 0.28 -- -- -
1 2 1D live 2 3 0.47 -- -- -
1 2 1D live 2 4 0.53 -- -- -
1 3 2D live 2 1 0.33 -- -- -
1 3 2D live 2 2 0.30 -- -- -
1 3 2D live 2 3 0.33 -- -- -
1 3 2D live 2 4 0.32 -- -- -
1 4 2D live 2 1 0.57 -- -- -
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Table 11. Microcosm data used to examine biodegradation of chlorinated ethenes—Continued

Microcosm identification

Experiment Treatment Treatment Time Replicate Trichloroethylene cDCE Vinyl chloride
number number description (weeks) number GC/ECD GC/PID GC/PID GC/PID
1 4 2D live 2 2 0.63 -- -- --
1 4 2D live 2 3 0.78 -- -- --
1 4 2D live 2 4 0.73 -- -- --
1 5 3D live 2 1 0.05 -- -- --
1 5 3D live 2 2 0.05 -- -- --
1 5 3D live 2 3 0.04 -- -- --
1 5 3D live 2 4 0.03 -- -- --
1 6 3D live 2 1 0.34 -- -- --
1 6 3D live 2 2 0.32 -- -- --
1 6 3D live 2 3 0.31 -- -- --
1 6 3D live 2 4 0.30 -- -- --
1 7 12D live 2 1 0.07 -- -- --
1 7 12D live 2 2 0.06 -- -- --
1 7 12D live 2 3 0.05 -- -- --
1 7 12D live 2 4 0.07 -- -- --
1 8 12D live 2 1 0.30 -- -- --
1 8 12D live 2 2 0.24 -- -- --
1 8 12D live 2 3 0.21 -- -- --
1 8 12D live 2 4 0.28 -- -- --
1 9 Ungterile control 2 1 0.30 -- -- -
1 9 Ungterile control 2 2 0.17 -- -- -
1 9 Ungterile control 2 3 0.13 -- -- -
1 9 Ungterile control 2 4 0.18 -- -- -
1 1 1D live 39 1 0.08 0.018 0.008 0.001
1 1 1D live 39 2 0.10 0.035 0.004 0.013
1 1 1D live 39 3 0.10 0.037 0.005 0.016
1 1 1D live 39 4 0.12 0.031 0.040 0.141
1 2 1D live 39 1 0.37 1.038 0.037 <0.002
1 2 1D live 39 2 0.56 0.824 0.106 <0.001
1 2 1D live 39 3 0.59 1.282 0.035 <0.001
1 2 1D live 39 4 0.66 0.963 2.878 <0.001
1 3 2D live 39 1 0.34 0.312 0.291 <0.001
1 3 2D live 39 2 0.32 0.331 0.096 <0.001
1 3 2D live 39 3 0.32 0.243 0.918 <0.001
1 3 2D live 39 4 0.42 0.458 0.118 <0.001
1 4 2D live 39 1 0.59 0.963 0.291 <0.002
1 4 2D live 39 2 0.88 1.038 0.162 <0.002
1 4 2D live 39 3 0.57 1.116 0.162 <0.002
1 4 2D live 39 4 0.75 1.197 0.111 <0.002
1 5 3D live 39 1 0.04 0.009 0.013 <0.001
1 5 3D live 39 2 0.03 0.007 0.179 0.001
1 5 3D live 39 3 0.03 0.007 0.495 <0.001
1 5 3D live 39 4 0.04 0.007 0.683 <0.001
1 6 3D live 39 1 0.51 0.759 0.131 <0.002
1 6 3D live 39 2 0.50 0.531 0.110 <0.002
1 6 3D live 39 3 0.48 0.584 0.131 <0.002
1 6 3D live 39 4 0.45 0.435 0.162 <0.002
1 7 12D live 39 1 0.09 0.027 0.855 <0.001
1 7 12D live 39 2 0.09 0.027 1.375 <0.001
1 7 12D live 39 3 0.07 0.023 0.179 <0.001
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Table 11. Microcosm data used to examine biodegradation of chlorinated ethenes—Continued

Microcosm identification

Experiment Treatment Treatment Time Replicate Trichloroethylene cDCE Vinyl chloride
number number description (weeks) number GC/ECD GC/PID GC/PID GC/PID
1 7 12D live 39 4 0.07 0.012 2.332 <0.001
1 8 12D live 39 1 0.46 0.391 1.056 <0.001
1 8 12D live 39 2 0.44 0.413 6.968 <0.001
1 8 12D live 39 3 0.43 0.331 0.320 <0.001
1 8 12D live 39 4 0.37 0.371 0.350 <0.001
1 9 Unsterile control 39 1 -- - - --
1 9 Unsterile control 39 2 -- - - --
1 9 Unsterile control 39 3 -- - - --
1 9 Unsterile control 39 4 -- - - --
2 1 1D live 0 1 1.74 -- - -
2 1 1D live 0 2 1.90 -- - -
2 1 1D live 0 3 1.69 -- - -
2 1 1D live 0 4 111 -- - -
2 2 2D live 0 1 1.60 -- - -
2 2 2D live 0 2 1.38 -- - -
2 2 2D live 0 3 1.75 -- - -
2 2 2D live 0 4 1.37 -- - -
2 3 3D live 0 1 1.03 -- - -
2 3 3D live 0 2 1.25 -- - -
2 3 3D live 0 3 1.19 -- - -
2 3 3D live 0 4 1.27 -- - -
2 4 12D live 0 1 2.14 -- - -
2 4 12D live 0 2 3.10 -- - -
2 4 12D live 0 3 2.19 -- - -
2 4 12D live 0 4 257 -- - -
2 5 2D/3D sterile 0 1 0.70 -- - -
2 5 2D/3D serile 0 2 0.83 -- - -
2 5 2D/3D sterile 0 3 0.71 -- - -
2 5 2D/3D sterile 0 4 0.66 -- - -
2 1 1D live 3 1 0.70 -- - --
2 1 1D live 3 2 1.05 -- - --
2 1 1D live 3 3 0.92 -- - --
2 1 1D live 3 4 1.59 -- - --
2 2 2D live 3 1 ND -- - --
2 2 2D live 3 2 ND -- - --
2 2 2D live 3 3 <0.01 - - --
2 2 2D live 3 4 <0.01 -- - -
2 3 3D live 3 1 <0.01 - - --
2 3 3D live 3 2 ND -- - --
2 3 3D live 3 3 ND -- - --
2 3 3D live 3 4 ND -- - --
2 4 12D live 3 1 1.36 -- - -
2 4 12D live 3 2 1.68 -- - -
2 4 12D live 3 3 1.46 -- - -
2 4 12D live 3 4 -- - -- -
2 5 2D/3D sterile 3 1 0.43 -- - -
2 5 2D/3D sterile 3 2 0.47 -- - -
2 5 2D/3D sterile 3 3 0.34 -- - -
2 5 2D/3D sterile 3 4 0.39 -- - -
2 1 1D live 17 1 1.46 -- - -
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Table 11. Microcosm data used to examine biodegradation of chlorinated ethenes—Continued

Microcosm identification

Experiment Treatment Treatment Time Replicate Trichloroethylene cDCE Vinyl chloride
number number description (weeks) number GC/ECD GC/PID GC/PID GC/PID
2 1 1D live 17 2 121 -- -- -
2 1 1D live 17 3 0.72 -- -- -
2 1 1D live 17 4 1.04 -- -- -
2 2 2D live 17 1 ND - -- -
2 2 2D live 17 2 ND - -- -
2 2 2D live 17 3 <0.01 -- -- -
2 2 2D live 17 4 <0.01 -- -- -
2 3 3D live 17 1 ND - -- -
2 3 3D live 17 2 <0.01 -- -- -
2 3 3D live 17 3 ND - -- -
2 3 3D live 17 4 ND - -- -
2 4 12D live 17 1 215 -- -- -
2 4 12D live 17 2 221 -- -- -
2 4 12D live 17 3 2.50 -- -- -
2 4 12D live 17 4 <0.01 -- -- --
2 5 2D/3D sterile 17 1 0.64 -- -- -
2 5 2D/3D sterile 17 2 0.51 -- -- -
2 5 2D/3D sterile 17 3 0.54 -- -- -
2 5 2D/3D sterile 17 4 0.27 -- -- -
2 1 1D live 22 1 0.39 -- -- -
2 1 1D live 22 2 0.44 -- -- -
2 1 1D live 22 3 0.26 -- -- -
2 1 1D live 22 4 <0.01 -- -- -
2 2 2D live 22 1 ND - -- -
2 2 2D live 22 2 <0.01 -- -- -
2 2 2D live 22 3 <0.01 -- -- -
2 2 2D live 22 4 <0.01 -- -- -
2 3 3D live 22 1 <0.01 -- -- -
2 3 3D live 22 2 <0.01 -- -- -
2 3 3D live 22 3 <0.01 -- -- -
2 3 3D live 22 4 <0.01 -- -- -
2 4 12D live 22 1 0.94 -- -- -
2 4 12D live 22 2 0.05 -- -- -
2 4 12D live 22 3 <0.01 -- -- --
2 4 12D live 22 4 <0.01 -- -- --
2 5 2D/3D sterile 22 1 0.26 -- -- -
2 5 2D/3D sterile 22 2 0.35 -- -- -
2 5 2D/3D sterile 22 3 -- -- -- --
2 5 2D/3D sterile 22 4 0.19 -- -- -
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Table 12. Aerobic and facultative anaerobic heterotrophic bacteria enumeration data
[mL, milliliters; CFU, colony-forming units; CFU/100mL, colony-forming units per 100 milliliters; TNTC, too numerous to count; >, greater than]

Replicate Incubation Source of water Enumeration results
Microcosm description number (weeks) (date collected) mL of sample CFU CFU/100 mL
Experiment 1, treatment 9 1 1 2D/12D (2/17/98) 1.00 TNTC >2x10%
Experiment 1, treatment 9 2 1 2D/12D (2/17/98) 1.00 TNTC >2x10%
Experiment 1, treatment 9 3 1 2D/12D (2/17/98) 1.00 TNTC >2x10%
Experiment 1, treatment 9 4 1 2D/12D (2/17/98) 1.00 TNTC >2x10%
Experiment 2, treatment 1 2 3 1D (5/21/98) 0.01 6 6 x 10*
Experiment 2, treatment 1 4 3 1D (5/21/98) 0.01 89 8.9x 10°
Experiment 2, treatment 2 3 3 2D (5/21/98) 0.01 TNTC >2x108
Experiment 2, treatment 2 4 3 2D (5/21/98) 0.01 TNTC >2x108
Experiment 2, treatment 3 3 3 3D (5/21/98) 0.01 134 1.3x 108
Experiment 2, treatment 3 4 3 3D (5/21/98) 0.01 TNTC >2x108
Experiment 2, treatment 4 3 3 12D (5/21/98) 0.01 121 1.2x 108
Experiment 2, treatment 4 4 3 12D (5/21/98) 0.01 86 8.6 x 10°
Experiment 2, treatment 5 (control) 1 3 2D/3D (5/21/98) 1.00 0 0
Experiment 2, treatment 5 (control) 2 3 2D/3D (5/21/98) 1.00 0 0
Experiment 2, treatment 5 (control) 3 3 2D/3D (5/21/98) 1.00 0 0
Experiment 2, treatment 5 (control) 4 3 2D/3D (5/21/98) 1.00 0 0
Experiment 2, treatment 1 1 17 1D (5/21/98) 0.01 TNTC >2x108
Experiment 2, treatment 1 4 17 1D (5/21/98) 0.01 TNTC >2x108
Experiment 2, treatment 2 1 17 2D (5/21/98) 0.01 TNTC >2x108
Experiment 2, treatment 2 4 17 2D (5/21/98) 0.01 TNTC >2x108
Experiment 2, treatment 3 1 17 3D (5/21/98) 0.01 TNTC >2x108
Experiment 2, treatment 3 1 17 3D (5/21/98) 0.01 TNTC >2x108
Experiment 2, treatment 4 4 17 12D (5/21/98) 0.01 TNTC >2x108
Experiment 2, treatment 4 4 17 12D (5/21/98) 0.01 TNTC >2x108
Experiment 2, treatment 5 (control) 1 17 2D/3D (5/21/98) 0.01 0 0
Experiment 2, treatment 5 (control) 2 17 2D/3D (5/21/98) 0.01 0 0
Experiment 2, treatment 5 (control) 3 17 2D/3D (5/21/98) 0.01 0 0
Experiment 2, treatment 5 (control) 4 17 2D/3D (5/21/98) 0.01 0 0
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